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ABSTRACT OF DISSERTATION 
 
 
 
 
PROVENANCE OF THE NEOPROTEROZOIC OCOEE SUPERGROUP, EASTERN 
GREAT SMOKY MOUNTAINS 
 
The Ocoee Supergroup is a sequence of Neoproterozoic, immature, continental rift facies 
clastic sediments. Potential source rocks were tested by analyzing modes of detrital 
framework minerals, detrital mineral chemistry, whole rock geochemistry and detrital 
zircon U/Pb geochronology by LA-ICP-MS for Ocoee siltstone-sandstone dominated 
formations. Ocoee units are arkosic to subarkosic siltstones/sandstones, and ternary 
tectonic discrimination diagrams confirm a continental basement uplift source. Alkali 
feldspar predominates over plagioclase feldspar. Detrital feldspar compositions of Ocoee 
sediments as a group are similar to feldspar in local basement granitic rocks except for 
high-Ca plagioclase grains present locally in basement granitic rocks. The high alkali 
content of the detrital feldspars in the Ocoee Supergroup is consistent with derivation 
from an A-type granite source terrane. Normative Q-A-P values, calculated from whole-
rock chemistry, and trace element diagrams are also supportive of an A-type granite 
source for these rocks. The siltstones and sandstones of the Snowbird Group contain high 
abundances of heavy minerals (zircon, titanite, ilmenite, epidote and apatite), which are 
dispersed among other detrital grains and as concentrations of heavy minerals in discrete 
laminae. ZTR index and titanite mineral chemistry suggest a granitic source for these 
sediments. Detrital zircon geochronology in Ocoee sediments indicates a dominantly 
Grenville (1000 to 1300 Ma) source for these sediments. The youngest zircon age in the 
basal Ocoee Wading Branch Formation (639±8 Ma) is related to rift magmatism and 
provides a minimum depositional age for the Ocoee Supergroup.  
 
KEYWORDS: Ocoee Supergroup, Geochronology, Geochemistry, Mineral chemistry, 
Grenville age. 
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Chapter 1 
 
Introduction and Purpose of Study 
Sedimentary provenance studies have been used to determine timing of terrane 
assembly and breakup, and provide constraints for paleogeographic reconstructions (e.g. 
Pettijohn, 1957; Blatt, 1967; Dickinson, 1985; Bhatia and Cook, 1986). There are 
numerous petrologic and mineralogic approaches to assess sedimentary provenance, 
including characterization of the heavy mineral assemblage of sedimentary rocks, 
sandstone petrography, detrital mineral chemistry, whole-rock isotope and trace element 
geochemistry, and radiometric dating of detrital minerals (e.g. Nelson and DePaolo, 
1988; Cookenboo et al., 1998; Dickinson and Suczek, 1979; Morton et al., 2005).  
 The Neoproterozoic Ocoee Supergroup in the Great Smoky Mountains region of 
the southern Appalachians (Fig. 1.1) is a first cycle clastic sediment succession that 
includes a thick (~30,000 ft) succession of feldspathic siltstones and sandstones and 
conglomerates deposited in an intraplate rift basin (Becker et al., 2006). This dissertation 
focuses on provenance analysis of the Snowbird Group and Thunderhead Formation of 
the Great Smoky Group. Previous detrital provenance analysis in the eastern Great 
Smoky Mountains region (Hadley and Goldsmith, 1963) inferred that the dominant 
source for the Ocoee sediments is the proximal Laurentian basement massifs consisting 
primarily of Grenville- aged (1000-1300 Ma) orthogneisses. In the present study I employ 
sandstone petrography, whole-rock major and trace element geochemistry, detrital heavy 
mineral analysis, detrital zircon geochronology, and electron probe microanalysis of 
detrital feldspars in Ocoee clastic units and basement gneisses, in order to test the 
hypothesis that the basement rocks upon which the Ocoee is unconformably deposited are 
in fact the dominant clastic sediment source. Modern alluvial sediment from the French 
Broad River drainage basin in western North Carolina and eastern Tennessee were also 
examined for detrital heavy minerals (garnet mineral chemistry analysis) to test the 
influence of the Grenville basement on modern sediment composition.  
The other objective of the study is to compare provenance information derived 
from the detrital zircon age distributions within Neoproterozoic clastic rocks with the 
entire detrital mineral suite, including heavy minerals and feldspars. The purpose for 
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these comparisons is to test the hypothesis that some provenance information is lost by 
using solely zircon age distributions derived from analysis of detrital zircon cores as 
opposed to using zircon ages in concert with the entire suite of detrital minerals.  
Provenance Methods and Approaches 
 The provenance indicator tools used for this project are briefly reviewed here. The 
four provenance methods are sandstone petrography (relative abundance of quartz, 
feldspar, mica and lithic clasts); detrital feldspar mineral chemistry; detrital zircon 
geochronology; whole-rock major, minor and trace element geochemistry; and detrital 
heavy mineral analysis. Garnet mineral chemistry was the only provenance indicator tool 
used for the modern alluvial sediment, as garnet is virtually absent from Ocoee clastic 
rocks.  
Sandstone Petrography 
 Blatt (1967), Dickinson (1970), and Pettijohn et al. (1987) established that 
sandstone petrography is a powerful tool for determining the origin and tectonic 
reconstructions of ancient terrigenous deposits. The modal composition of sand in part 
reflects the type of plate tectonic source (Dickinson and Suczek, 1979; Dickinson and 
Valloni, 1980). This relatively simple method led to an enormous interest in the study of 
sandstone framework mineralogy and the rapid buildup of a petrographic database 
(Breyer, 1983; Dickinson, 1985, 1988). Dickinson (1970) established unambiguous 
operational definitions for grain types to improve the reproducibility of detrital modes; 
however, he made some assumptions for this analysis. According to Dickinson (1970), 
diagenetic and weathering alterations were reversed, during point counting or subsequent 
modal calculations to restore initial sand compositions. Dickinson also pointed out that 
parent grains of alterites must be established unequivocally to infer detrital modes with 
confidence. If interpretations of alteration processes were not precise then sandstone 
petrography analysis diagrams could not be used correctly. For example, Dickinson and 
Ingersoll (1990) analyzed sediment derived from an interoceanic island arc (Panama) in a 
tropical weathering climate, where they had determined that the saprosand (composite 
clay and sand) grains were formed by weathering in the source rather than diagenesis of 
source. For their research they had used those grains as rock fragments in the Qt-F-L 
diagram.  
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Characterization of basin fill sandstone is important for basin analysis and 
researchers like Ingersoll (1983), Dickinson and Suczek (1979), Dickinson et al. (1983), 
Dickinson (1985) and Schwab (1986) pointed out an intimate relationship between 
detrital sand composition and tectonic settings. Although Dickinson focused on sediment 
source, sand composition depends on several factors such as climate (degree of chemical 
weathering), relief, transport and diagenesis; these also provide valuable information for 
paleogeologic reconstructions (Johnsson, 1993).  
 Quantitative petrographic analysis by point counting thin sections using the 
‘‘Gazzi–Dickinson method’’ (Ingersoll et al., 1984), and using the petrographic groups 
defined by Zuffa (1980) are the two possible ways to characterize sandstones. The 
framework data can also be treated according to the ‘‘traditional’’ method (Pettijohn, 
1957) or the ‘‘Indiana School’’ (Ingersoll et al., 1984) method. However, these two 
methods differ in the concept of the unit to be counted. The ‘‘traditional’’ methodology 
considers the population of grains, irrespective of the mineral grain size, and emphasizes 
the textural and compositional characteristics of the detrital population, whereas the 
Gazzi-Dickinson method emphasizes grain size irrespective of mineral composition.  
Dickinson (1979) worked on modern and ancient (Paleozoic) sedimentary basins 
of different tectonic settings to identify the critical petrographic difference among those 
basins. Initially he classified these basins in two categories: (1) rifted basin and (2) 
orogenic basin. Later in 1985 Dickinson modified his previous finding by differentiating 
five major sedimentary basin types of different tectonic setting based on their 
distinguishing petrography. These provenance terranes are: stable craton, transitional 
continental, basement uplift, magmatic arc, and recycled orogen. He transformed point 
count results into percentages of total quartz (Q), feldspar (F) and lithic fragments (L), 
and plotted these values on a ternary diagram (Fig. 1.2). Stable craton and transitional 
continental are characterized by high quartz content. The concentration of 
monocrystalline quartz is higher than polycrystalline quartz, and alkali feldspar is higher 
in concentration than plagioclase feldspar. Magmatic arcs (island or continental) are 
characterized by feldspatho-lithic-volcaniclastic sands with high plagioclase feldspar 
content. A recycled orogen consists of interbedded limestone, siltstone and mudstone and 
some low grade metasedimentary rocks. 
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Suttner et al. (1981) proposed a ternary tectonic discrimination diagram (Fig. 1.3), 
which uses the modal values of  Q (quartz), F (feldspar) and R (rock fragments) to determine the  
provenance of a sediment and also useful to discriminate arid and humid climates of the 
source rock. They produced that diagram on the basis of their study of Paleozoic and 
Mesozoic terrestrial sandstones deposited in different tectonic and paleoclimatic zones. 
The medium to fine grained sand population (0.25 mm to 0.50 mm) was used to 
determine Qt -F-R values. Control for paleoclimatic conditions was provided by floral 
and faunal data. 
Cox and Lowe (1996) modified the Q-F-L ternary diagram (Fig. 1.4) of Dickinson 
(1985), to facilitate a better understanding of the source terrane. They used a Qt-F-L 
ternary diagram, where “Qt” stands for total quartz (monocrystalline + polycrystalline). 
This diagram emphasizes only the maturity of the sediments, whereas a Qm-F-Lt diagram 
is more useful for determining provenance; where “Qm” is monocrystalline quartz and 
“Lt” is total lithic fragments (polycrystalline quartz+ metavolcanic lithic fragments + 
metasedimentary lithic fragments).  
For this dissertation, I used the Q-F-L diagram proposed by Dickinson (1979) and 
Q-F-R diagram proposed by Suttner et al. (1981), because those classification diagrams 
are more appropriate for the sediment type and tectonic setting of the current study area. 
Q-F-L and Q-F-R diagrams are more applicable to immature clastic sediments compared 
to Qm-F-Lt diagram, which is more applicable to mature clastic sediments.  
Detrital Feldspar Mineral Chemistry 
 Electron microprobe analysis of detrital feldspar is potentially a powerful tool for 
provenance studies. The feldspar mineral chemistry provides insight into the lithologic 
composition of potential sources and diagenetic effects experienced by the sandstone. 
The chemical composition of an individual detrital feldspar grain can be determined with 
an electron microprobe in 10 to 30 seconds. Although it is an efficient and accurate 
method to obtain additional provenance information, there exist few studies of detrital 
feldspar mineral chemistry in sedimentary provenance studies (e.g. Trevena and Nash, 
1981; Sibley and Pentony, 1978; Waugh, 1978).  
Trevena and Nash (1979, 1981) analyzed feldspar grains from Mesoproterozoic 
crystalline basement rocks and Tertiary sandstones from the Southern Colorado Plateau.  
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They identified detrital alkali feldspar grains with > 50 mole% albite (Ab) component 
that were derived almost exclusively from volcanic sources. They were also able to 
determine that detrital alkali feldspar grains more potassic than 87 percent orthoclase 
were derived from felsic plutonic rocks (Fig. 1.5) and intermediate alkali feldspars are 
from various or mixed sources. Trevena and Nash (1979, 1981) also found that Fe and Sr 
contents of detrital plagioclase grains of volcanic origin are higher than in plutonic 
plagioclase.   
Detrital Zircon Geochronology  
Zircon geochronology has a wide range of provenance applications, including 
dating of sediment source lithologies (Drewery et al., 1987), reconstructing topographic 
relief (Stock and Montgomery, 1996), constraining palaeogeographical models (von 
Eynateen et al., 1996), tracing the source area (Kelley and Bluck, 1989), reconstructing 
the palaeogeography of displaced terranes (Gehrels et al., 1995), interpreting 
lithologically diverse sources (Morton et al., 1996) and reconstructing orogenic 
exhumation histories (Garver and Brandon, 1994). The U-Th-Pb single grain zircon 
dating method is based on the radioactive decay of isotopes of U and Th to isotopes of Pb 
(Vinogradov et al., 1952; Tilton and Aldrich, 1955). The decay equations are as follows: 
(1) 
238
U = 8 
4
He + 6 β + 
206
Pb 
(2) 
235
U = 7 
4
He + 4 β + 
207
Pb 
The Pb isotopes provide the possibility of detecting potential isotopic disturbances 
in the system. In an undisturbed system 
238
U
-206
Pb and 
235
U
-207
Pb should have consistent 
ratios yielding the same ages that plot as a point on the Concordia diagram (Fig. 1.6) 
(Wetherill, 1956). Discordant ages (Fig. 1.6) may result from Pb loss from the zircon 
crystal lattice. 
Zircon (ZrSiO4), with typically 50-1000 ppm of U and low initial Pb, is the most 
widely used mineral in detrital dating studies because it is chemically and physically 
resistant, enduring successive cycles of burial, metamorphism, and erosion (Hietpas et al., 
2010). Zircon has an exceptionally high closure temperature for Pb diffusion (TC ≥ 
900°C); (Cherniak and Watson, 2001), so that the calculated age from this system is 
invariably the crystallization age of the zircon, which in most cases is the crystallization 
age of an igneous rock or a leucosome. Using the detrital zircon method, some of the 
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oldest isotopic ages of Earth materials have been measured (4.4 Ga, e.g. Valley et al., 
1998; Wilde et al., 2001). The ages obtained by the single grain U-Pb method may reflect 
an immediate sedimentary source or it may reflect a polycyclic history and more ancient 
source due to recycling (Carter and Bristow, 2000; Becker at al., 2005; Moecher and 
Samson, 2006). 
Numerous assumptions are involved in interpreting the age distribution obtained 
for a sample of detrital zircons by this method (Moecher and Samson, 2006). These 
include: (1) all potential source terranes are equally fertile for zircon production; (2) 
rocks of each potential source terrane produced by a generation of magmatic or 
metamorphic zircon representative of those events; (3) the region of the zircon crystal 
analyzed is a good representative of the terrane from which it was last eroded; and (4) a 
sufficient number of zircon crystals were produced during tectonic events and they are 
selected randomly for this analysis, i.e. relative proportions of each age mode reflect the 
relative volume of potential sources. This is not the case for eastern Laurentia in which 
Grenville aged zircons have been recycled (McLennan et al., 1990; Thomas et al., 2004 a 
& b) 
Whole-rock Major, Minor, and Trace Element Geochemistry 
Geochemistry of clastic rocks is another method for provenance study. Advances 
in mass spectrometry and analytical techniques successfully established provenance 
linkages that could not have been demonstrated using petrographic techniques alone 
(Heller et al. 1985; Nelson and DePaolo, 1988; Taylor and McLennan, 1985, McLennan 
et al., 1990). The whole-rock geochemical compositions of sandstone, siltstone and shale 
depend on (1) the initial detrital composition (mineralogy) of the sediment, and (2) the 
mineralogical transformations, additions, and subtractions that occur in the rock mass 
during transport, burial, and diagenesis. The composition of sandstone and siltstone is 
mainly controlled by the initial detrital composition and diagenetic processes. Elements 
considered to be “immobile”, i.e., quantitatively retained during weathering, transport, 
and diagenesis, such as Ti, Zr, Hf, and REEs, are considered reliable indicators of 
sediment provenance. However, there is mounting evidence that the REEs can be affected 
by monazite stability during transport and diagenesis (Hietpas et al., 2010).  
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For whole-rock chemical analysis, sediment samples are crushed, powdered, and 
disintegrated or melted. The concentrations of major, trace, and rare-earth elements are 
measured using a range of techniques (AAS, XRF, NAA, ICPMS, etc.). Whole-rock 
geochemistry has advantages and disadvantages relative to detrital modes obtained by 
point counting. The main advantage of this method is rapid acquisition of a large number 
of variables with high precision and the applicability to both coarse- and fine- grained 
sediments. The main disadvantages of whole-rock chemical analysis relative to modal 
analysis is its inability to separate detrital from authigenic elements and its inability to 
subdivide chemically similar grains according to textural criteria. The geochemical 
approach also tends to ignore non-chemical constraints on provenance. Taylor and 
McLennan (1985) determined that K2O/Na2O and FeO+MgO are the most distinctive 
parameters for major element sandstone geochemistry. For a fore arc basin FeO+MgO is 
greater than 8 wt%  and K2O/Na2O is less than 0.5, whereas for trailing edge sandstones 
FeO+MgO is less than 5 wt % and K2O/Na2O is greater than or equal to 1.  
Roser et al. (1996) worked on the sandstone geochemistry of lower Paleozoic 
terranes of the west coast of New Zealand. The sandstone samples were collected from 
the proximal areas of the region and analyzed by X-ray fluorescence spectrometry (XRF) 
spectrometry. Roser et al. (1996) pointed out that the SiO2/Al2O3 ratio of the rock is a 
good indicator of sedimentary maturation and values from 5 to 6 indicate a high degree of 
sedimentary maturity. SiO2/Al2O3 values increase during weathering, transport, and 
recycling due to an increase in modal framework quartz at the expense of less resistant 
components such as feldspar, micas, pyroxenes, amphiboles, and lithic fragments. For a 
mafic igneous rock, SiO2/Al2O3 values are 2-3, while for felsic igneous rocks, these 
values range from 4-5. Roser et al. (1996) found that these sedimentary rocks are 
immature and the SiO2/Al2O3 values are all less than 5. On the other hand, the Chemical 
Index of Alteration (CIA = 100 mol Al/(mol Al+Ca+Na+K) (Nesbitt and Young, 1982, 
1989) provides a measure of the degree of weathering of source terranes. For an unaltered 
granite, the CIA value is 55. Roser et al. (1998) report values ranging from 47 to 66 for 
first cycle clastic sediments, indicating moderate weathering of the source terrane. 
Varga and Szakmány (2004) worked on Upper Carboniferous sandstones from 
Téseny, Hungary. Using the tectonic discrimination diagram (SiO2 vs. K2O/Na2O) (Fig. 
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1.7) proposed by Roser and Korsch (1986), Varga and Szakmány (2004) identified a 
passive margin setting for these sandstones. They also used the sandstone chemical 
classification scheme proposed by Pettijohn et al. (1972) (Fig. 1.8) to classify these 
sandstones as arkose. These sandstones showed a strong depletion in MnO, CaO, MgO, 
FeO, and TiO2 content and enrichment in SiO2 and K2O, which is a clear indication of a 
felsic magmatic source terrane.  
Trace elements correlate with the major element chemistry. The lower value of 
Th/Sc and Ti/Zr of sandstone clearly indicate high concentration of volcanic components. 
Roser et al. (1996) pointed out that major and trace element discrimination diagrams are 
also informative indicators of provenance.  
Heavy Mineral Suite: Modes, Ratios, and Chemistry 
Heavy minerals are dense grains found not only in rocks, but also in different 
types of sand. Heavy minerals are usually minor, high-density minerals, which have a 
higher average of specific gravity than other minerals.  These minerals are present in the 
parent rocks as either rock-forming minerals, like mica, or as accessory minerals, such as 
zircon and tourmaline (Morton, 1985, 1991). The number and the type of heavy minerals 
vary within wide limits. Some of these minerals include kyanite, garnet, tourmaline, 
magnetite, apatite, zircon, rutile, epidote, monazite etc. The heavy minerals are 
commonly useful guides to source rock lithology. 
Heavy mineral analysis is a mineralogic approach for provenance study. Heavy 
minerals provide tighter constraints on possible source rocks because of their limited 
paragenesis. For best results, suites of minerals with similar hydrodynamic behavior 
(size, shape and density) are used (Morton and Hallsworth, 1999). Mineral pairs with 
similar hydrodynamic behavior used by Morton and Hallsworth (1999) were rutile and 
zircon, monazite and zircon, and Cr-spinel and zircon. The heavy minerals were 
separated using gravity separation in liquid with a density of 2.89 to 2.96. The 0.25–
0.50 mm fraction was concentrated by sieving. Grain-mounted heavy minerals were 
point-counted (over 300 counts per slide) to determine the mineral percentages, modes, 
and to calculate heavy mineral ratios. According to Mange-Rajetzky (1995), and Lihou 
and Mange-Rajetzky (1996), high-resolution optical heavy mineral analysis is a well-
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proven technique for provenance study. This method also allows a more accurate 
description of the sediment parentage (Morton, 1985, 1991; Morton and Berge, 1995).  
Mineralogical maturity of the heavy mineral assemblages of sandstones is 
quantitatively defined by the zircon-tourmaline-rutile (ZTR) index (Hubert, 1962). The 
ZTR index is the modal percentage (point counted volumetric percentage) of the 
combined zircon, tourmaline, and rutile grains. Zircon, tourmaline, and rutile are 
mechanically and chemically very stable minerals and therefore, they became highly 
concentrated in more quartzose sediments (Hubert, 1962). In most arkoses and 
graywackes, the average ZTR index is low but varies widely. Variations in ZTR index 
depend on tectonic setting and source lithology. The ZTR index is greater than 90% in 
most orthoquartzite sandstones, whereas in transitional sandstone this value varies 
between 25 to 35% (Hubert, 1962).   
In recent years, microanalytical tools have added another dimension to 
provenance studies. One such tool is determining the mineral chemistry of framework 
and heavy minerals using electron probe microanalysis. Many heavy-mineral species, 
including pyroxene, amphibole, epidote, garnet, spinel, tourmaline, ilmenite, titanite and 
rutile show considerable compositional variations that are related to the type of source 
rock and the conditions under which the parent rock was formed (Morton and Hallsworth, 
1999; Henry and Guidotti, 1985). Morton (1991) and Nechaev and Isphording (1993) 
showed that epidote, staurolite, pyroxene and garnet can be used as provenance 
indicators. The ratios and the molar percentage of almandine + spessartine-pyrope-
grossular were used by Morton (1991) and Kettanah and Wach (2006) to assess the 
provenances of garnets in North Sea sediments (Fig. 1.9). Kettanah and Wach (2006) 
worked on Tertiary sandstones of Nova Scotia, Canada, and using the garnet ternary 
diagram they determined a metamorphic provenance for the analyzed garnets and 
therefore for the sediments in which they occur.  
Geologic Background 
The planetary extent of the Grenville orogen is demonstrated by the widespread 
distribution of Grenville age crust (~1.3 to 1.0 Ga) on several pre-Grenvillian cratonic 
margins (e.g., East Laurentia, Australia, South America, South Africa, Europe, India, and 
Antarctica; Hoffman, 1991; Fitzsimons, 2000; Hölzl et al., 1994). Although existence of 
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the Rodinian supercontinent and Neoproterozoic breakup are virtually indisputable 
(Dalziel, 1991), details of the eastern Laurentian margin evolution remain to be resolved. 
Collision of Laurentia with the other continents resulted in the Grenville Orogeny and 
assembly of the supercontinent Rodinia (Dalziel, 1991; Dalziel, 1997; Condie, 2001). 
Subsequently, Neoproterozoic through early Paleozoic rifting formed the Iapetus Ocean 
(Rankin, 1975; Thomas, 1991). The Neoproterozoic rifted margin of Laurentia developed 
extensional basins filled with thick immature clastic deposits, including the Ocoee 
succession (described further below). During the middle Ordovician (~495-440 Ma), a 
reversal in plate motion triggered the first Paleozoic mountain building event (Taconic 
orogeny) in eastern Laurentia (Hatcher, 1989). At that time, Iapetus (the oceanic plate) 
collided with and was subducted beneath Laurentia. This newly developed subduction 
zone was associated with a volcanic arc, clastic wedge, thrust belt, and foreland basin. 
Metamorphism within the Taconic orogen is divided into three parts, northern 
Appalachian, central Appalachian and southern Appalachian. According to Dallmeyer 
and Sutter (1976) and Cawood et al. (1994), peak metamorphism in the northern 
Appalachian is 465 Ma. The peak metamorphism for the central Appalachian is 470 Ma 
(Miller et al., 2000 and Grauert and Wagner, 1975) and for the southern Appalachian is 
456 Ma (Moecher et al., 2004).   
The Acadian orogeny (~ 410 to 360 Ma) occurred from a collisional event 
between Laurentia and Avalon (Osberg et al., 1989). The effects of the Acadian orogeny 
include minor plutonism but regional metamorphism of classic Acadian age is not present 
in the southern Blue Ridge.   
The Alleghanian orogeny is the last major orogenic event that affected the 
Appalachian orogen (Hatcher et al., 1989) prior to Mesozoic rifting. The Alleghanian 
orogeny resulted from collision of the African plate with Laurentia and closed the Proto-
Atlantic (and Rheic) oceans (Dalziel et al., 1994; Valentino and Gates, 2001). The 
Alleghanian orogen is characterized by a foreland fold and thrust belt that propagated 
into sedimentary rocks of the Appalachian foreland basin (Thomas et al., 2004; Becker et 
al., 2005). The Alleghanian orogenic record exists in two forms: a fold and thrust belt, 
and sedimentation of Mississippian to Permian age. During the collision between the 
North American and African plate the southern and central Appalachians were 
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transported toward the North American craton as a thin skinned thrust sheet (Blue Ridge-
Piedmont thrust sheet) that drove the foreland deformation in front of it (Hatcher et al., 
1989).  Alleghanian clastic wedges include the Mauch Chunk-Pottsville, Pennington-Lee, 
and Ouachita clastic wedge. Secor et al. (1986) and Dallmeyer et al. (1986) showed that 
the age of the Alleghanian deformation is between 330 and 265 Ma. Within the 
crystalline southern Appalachian Blue Ridge (the area of this research), the Alleghanian 
is represented by localized greenschist facies metamorphism closely tied to localized 
zones of high strain that range in age from 350 to 300 Ma (Goldberg and Dallmeyer, 
1997).  
Geologic Setting 
Blue Ridge basement in the Great Smoky Mountains region is dominated by 
Grenville (~1150 Ma intrusion; ~1050 Ma high grade metamorphism) granitoid plutons 
and orthogneissic equivalents (Kunk et al., 2006). During the late Neoproterozoic these 
basement regions underwent local rifting (Thomas, 1977; Rankin et al., 1989) and 
infilling by extensive and thick clastic sequences (Ocoee and Ashe sedimentary 
sequences). The entire region was metamorphosed during the Taconian orogeny; the 
grade of Taconian metamorphism varies from greenschist to upper amphibolite facies so 
that potential Grenville source rocks were overprinted to varying degrees, and their 
mineralogic constituents may have been modified. The “Western Blue Ridge” (WBR) or 
Laurentian margin terrane includes such basement massifs. The major source of detrital 
zircon in the WBR is Grenvillian crust, with some input from Late Archean Laurentian 
basement (Bream et al., 2004). Taconian leucosomes and metasedimentary rocks of the 
WBR contain zircon and monazite (Moecher et al., 2004); however, no syntectonic 
Taconian plutons are found in the WBR. 
Basement in the WBR includes a polymetamorphic complex of paragneiss, 
migmatite, and orthogneiss that were locally partially melted and mylonitized during the 
Mesoproterozoic and Middle Ordovician (Hadley and Goldsmith, 1963). The rocks have 
been subdivided as paragneiss and orthogneiss on the basis of petrology, foliation, and U-
Pb zircon geochronology (Hadley and Goldsmith, 1963; Southworth et al., 2005). 
Paragneiss lithologies include hornblende-biotite gneiss, migmatitic biotite gneiss, and 
isolated pods of calcsilicate granofels. Orthogneiss lithologies include leucocratic 
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metagranite, granitic gneiss, granodiorite, biotite augen gneiss, and porphyritic granitic 
gneiss. The oldest rocks are migmatitic paragneiss of Mesoproterozoic age (~ 1300 Ma; 
Loughery, 2010) and they are intruded by 1150-1050 Ma granitic plutonic rocks that are 
now orthogneisses. The Grenville basement lithologies constitute ~12 % of present 
exposure in the southern Appalachians, and the WBR constitutes ~17% (Fig. 1.10). 
The Ocoee Supergroup of the western Blue Ridge is a succession of 
Neoproterozoic, immature, feldspathic rift-facies metaclastic rocks (King et al., 1958). 
The Ocoee Supergroup consists of (in ascending order) the Snowbird (SG), Great Smoky 
(GSG), and Walden Creek (WCG) Groups, which are presently separated by inferred 
thrust faults in the vicinity of Great Smoky Mountains National Park (King et al., 1958) 
(Fig. 1.1). Ocoee strata are interpreted to have been deposited in a deep-water basin that 
formed as Laurentia rifted apart to form the Iapetus Ocean (Rast and Kohles, 1986). The 
Ocoee Supergroup was variably metamorphosed, and locally faulted along the Great 
Smoky thrust fault and numerous other narrow shear zones in the Carboniferous 
(Hatcher, 1987; Southworth et. al., 2000; Clemons and Moecher, 2009).   
The Snowbird Group in the eastern Great Smoky Mountains (Fig. 1.1) lies 
unconformably on Grenville basement. On the basis of their feldspathic nature, Snowbird 
Group sediments were inferred to be derived from a granitic source (Hadley and 
Goldsmith, 1963). The Snowbird Group consists of, in ascending order, the Wading 
Branch Formation, Longarm Formation, Roaring Fork Formation, and Pigeon Formation 
(Fig. 1.11). The Snowbird Group includes the strongly cleaved Metcalf phyllite, which is 
the tectonized equivalent of the Pigeon Siltstone (King, 1964; Southworth et al., 2000; 
Clemons and Moecher, 2008 and 2009). 
The Great Smoky Group is inferred to be younger than the Snowbird Group 
(Hadley and Goldsmith, 1963; Rast and Kohles, 1986). The lower part of this group, the 
Elkmont Sandstone, is fine-grained feldspathic sandstone. The Thunderhead Sandstone is 
the thickest component of the GSG and is a poorly sorted, coarse-grained, feldspathic 
sandstone and conglomerate in thick graded beds. The upper GSG, the Anakeesta 
Formation, includes many beds of dark argillaceous and silty rocks.  
The Walden Creek group is divided, in ascending order, into the Licklog 
Formation, Shields Formation, Wilhite Formation, and Sandsuck Formation. The Wilhite 
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is divided into the Dixon Mountain and Yellow Breeches Members. The Walden Creek 
Group is overlain by the Chilhowee Group of Cambrian age but is in fault contact with 
the Snowbird Group on the southeast. The Walden Creek Group is mapped as being 
conformable with Great Smoky strata in the vicinity of Hot Springs window (Carter et al., 
1998). Conodonts of middle Palaeozoic age have been reported in the Walden Creek 
Group (Repetski et al., 2006), which further confuses the relationships among Ocoee 
strata. Units of the Walden Creek Group were not sampled for this study. 
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Figure1.1. Location and geology of the study area (red box). BFZ: Brevard fault zone; 
BTC: Blue Ridge thrust complex; CBR: Central Blue Ridge; EBR: Eastern Blue Ridge; 
GB: Grenville basement; GF: Greenbrier fault; GSF: Great Smoky fault; GSG: Great 
Smoky Group; MB: Murphy belt; SG: Snowbird Group; WCG: Walden Creek Group; 
WBR: Western Blue Ridge. Paleozoic plutons are shown by dense stipple pattern and 
areas in black are metaperidotites, amphibolites and eclogites (after Clemons and 
Moecher, 2009). 
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Figure 1.2.  Q-F-L ternary diagram for sandstone petrography, after Dickinson (1985).  
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Figure 1.3. Q-F-L ternary diagram for sandstone petrography, after Suttner et al. (1981). 
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Figure 1.4. Ternary diagrams showing average compositions of sand derived from 
different provenance terranes, after Cox and Lowe (1996).  
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Figure 1.5. Composition of detrital feldspar (weight %) in two sandstone samples of 
plutonic source terrane, after Trevena and Nash (1981). Darker areas represent sample 
distributions. v = volcanic, p = plutonic and m = metamorphic. A = Sample RG77 from 
“Rim gravel” eastern Arizona, B = sample TSOS from unnamed Eocene deposit of the 
Datil Mountains, New Mexico. 
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Figure 1.6. Concordia diagram of zircon grains from Grenville basement orthogneiss in 
the Great Smoky Mountains terrane (Chakraborty et al., 2010).  
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Figure 1.7. Tectonic discrimination diagram for sandstones, from Varga and Szakmány 
(2004). 
 
 
 
 
Figure 1.8. Chemical classification of sandstones based on major elements: 
log(Na2O/K2O) vs. log(SiO2/Al2O3) from Pettijohn (1972).  
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Figure 1.9. Almandine-Spessartine (AS), Pyrope (P) and Grossular (G) end-member 
fields for garnets representing metamorphic and igneous rock types (after Morton, 1999). 
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Chapter 2 
Petrography 
 
General Petrography 
The Ocoee Supergroup of the western Blue Ridge is a succession of 
Neoproterozoic, immature, feldspathic rift-facies, low-grade metasedimentary rocks 
(King et al., 1958). The Ocoee Supergroup consists of the Snowbird (SG), Great Smoky 
(GSG), and Walden Creek (WCG) Groups (Fig. 1.1), which are presently separated by 
inferred thrust faults in the vicinity of Great Smoky Mountains National Park (King et al., 
1958). King (1949), Rodgers (1953) and King et al. (1958) classified Ocoee rock units as 
terrigenous clastic sedimentary rock with minor limestone, and no volcanic components 
nor known fossils. The rock units are very fine to coarse-grained, and mostly poorly 
sorted texturally and mineralogically. The rock units are slightly to moderately 
metamorphosed (sub-greenschist to greenschist facies). Many original sedimentary 
features (cross bedding, graded bedding etc.) are well preserved.  
Snowbird Group 
Wading Branch Formation 
 The Wading Branch Formation is the lowest formation of the Snowbird Group 
lying above basement (Fig. 2.1). The Wading Brach Formation is poorly sorted, dark 
grey, siltstone to coarse pebbly sandstone. The Wading Branch Formation is well 
exposed south of the Greenbrier fault (Fig 2.1). The rock unit is resistant to erosion and 
forms prominent outcrops. The upper part of the Wading Branch formation is mainly 
metasandstone and metasiltstone (Fig. 2.2), whereas the basal part is coarser (Fig. 2.3) 
and some is conglomeratic in nature. Conglomerate rocks are well exposed on the south 
of the Greenbrier fault in road cuts on I-40; and they consist of quartz and feldspar 
pebbles, and granitic clasts in a matrix of coarse sandstone. Sandstones are more 
metamorphosed and more micaceous than conglomerates and schistosities are well 
developed. Small scale folds are very common in these rocks. Some primary sedimentary 
structures (i.e. bedding and graded bedding) are locally well preserved. 
 Quartz, albite and alkali feldspars are the most dominant framework mineral 
components in the basal, coarse-grained, Wading Branch Formation. Muscovite, biotite 
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and chlorite (Fig. 2.4), and rare lithic pebbles are present. Micas are the dominant mineral 
phases in the upper section of Wading Branch Formation. The angular to subangular 
shapes of the detrital mineral grains are indicative of poor textural maturity. The 
framework quartz is primarily monocrystalline quartz, some of which has undulatory 
extinction. A few grains have quartz overgrowths, and some of those show multiple 
overgrowth rims on detrital quartz grains. However, no overgrowth rims have been 
observed in the detrital feldspar grains. The detrital feldspar grains are quite pristine and 
mineralogically unaltered (i.e. no alteration such as sausseritization, sericitization, 
replacement along fractures); however, occasional inclusions of mica in feldspar grains 
were observed. Metamorphic mica grains commonly are associated with detrital feldspar 
grains (Fig. 2.5). Metamorphic effects include greenschist facies ductile shearing, and 
locally formation of a foliation or lineation. These samples were avoided in this analysis. 
Epidote and sphene are the dominant heavy mineral phases along with zircon, monazite, 
ilmenite and apatite (Fig. 2.6).  
Longarm Formation 
 The Longarm Formation overlies the Wading Branch Formation (Fig. 2.1). This 
formation is composed of feldspathic quartzite and arkose and is the most resistant 
formation of the Snowbird Group. The Longarm Formation can be divided into two 
petrographic types: (1) light colored, medium- to coarse-grained, feldspathic quartzite 
and arkose (Fig. 2.7) and (ii) grey colored, fine- to medium-grained, feldspathic quartzite 
and arkose (Fig. 2.8). Primary sedimentary structures are well preserved in this rock. The 
thickness of the cross bedding ranges from few inches to few feet. Current ripples are 
absent in Longarm quartzite. In places, the bedding is folded and overturned.  
 Feldspar and quartz are the most dominant minerals phases in the coarser section 
of the rocks (Fig. 2.9). The grain size ranges from 1 mm to 3 mm with some pebbles. 
Subangular to rounded grain shapes are indicative of moderate textural maturity and 
moderate sorting. Detrital heavy minerals appear as thin layers (Fig. 2.10). Ilmenite and 
apatite are the most abundant detrital heavy minerals, along with zircon, monazite, 
epidote and sphene (Fig. 2.11). The finer-grained Longarm contains abundant 
metamorphic mica (muscovite) (Fig. 2.12) and is moderately foliated. Quartz and 
feldspar grains are locally recrystallized.  
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Roaring Fork Formation 
 The upper part of the Longarm quartzite is interbedded with light to dark gray 
fine-grained sandstone. Because of upward increase, this fine-grained sandstone is the 
dominant lithology in the Roaring Fork Formation. This is a medium- to fine-grained, 
gray colored (Fig. 2.13), moderately sorted metasandstone rock in part interbedded with 
metasiltstone. The basal section of this formation is coarser and fines upward to siltstone. 
Roaring Fork Formation can be further subdivided into three different lithologies: 
sandstone, siltstone and phyllitic argillaceous rocks. The Roaring Fork sandstones are 
thick rock units with prominent bedding, current bedding and ripple marks. The 
sandstone is weakly foliated. The bedding of the siltstones layers is defined by layers of 
mica (Fig. 2.14).  
 Alkali feldspar and plagioclase are the dominant framework minerals in the 
Roaring Fork sandstone, with lesser quartz (Fig. 2.15); however, siltstones are dominated 
by metamorphic micas (Fig. 2.16). Minerals of metamorphic origin include white mica, 
biotite and chlorite. Detrital grains present in these rocks vary from angular to 
subangular, indicative of poor textural maturity and sorting. In coarser sandstones and 
siltstone the matrix is more siliciclastic (Fig. 2.17) in contrast to the argillaceous rocks 
which have more pelitic matrix (Fig. 2.18).  
Quartz, alkali feldspar, and plagioclase feldspar are the major detrital constituents 
(Fig. 2.19). Minor detrital grains include epidote, sphene, biotite, ilmenite, apatite, and 
zircon (Fig. 2.20). Dominant detrital minerals are unzoned and lack overgrowth. Some 
feldspar grains contain inclusions of muscovite along the cleavage plains. Diagenetically 
formed micas are commonly found associated with detrital feldspar grains. All the 
varieties of the Roaring Fork Formation contain detrital heavy mineral laminae (Fig. 
2.21). The detrital heavy minerals include epidote, sphene, ilmenite, apatite and zircon.  
Pigeon Formation and Metcalf Phyllite 
 The Pigeon Formation is the top unit of the Snowbird Group. The unit thickness 
ranges from 10,000 to 15,000 ft. The grain size of the Roaring Fork Formation decrease 
upward toward the upper part of the sequence and at the top it is predominantly siltstone 
and metasiltstone. The western section of this formation shows low grade regional 
metamorphism which results in recrystallization of detrital grains and redistribution of 
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argillaceous materials. On the other hand, the eastern section of this formation is more 
clastic in nature and mainly composed of feldspar and quartz. The western section is 
known as Metcalf Phyllite and contains more than 30% (vol%) of the recrystallized 
argillaceous material; whereas the eastern section is known as Pigeon Formation and 
contains less than 10% (vol%) argillaceous material. The Pigeon Formation also known 
as Pigeon Siltstone shows a narrow range of grain size and textural variation. The 
siltstone beds are huge and massive and show current bedding. Current ripples are 
occasionally found in this rock. Pigeon Siltstone in outcrop looks light to dark grey in 
color and is dominated by feldspar and quartz (Fig. 2.22). Metcalf Phyllite on the other 
hand is more greenish in color and is dominated by argillaceous materials. Small-scale 
slump folds are common in Metcalf Phyllite. Current beddings are not a dominant 
preliminary sedimentary structure in Metcalf Phyllite.  
 Feldspars and quartz grains make up the bulk of the siltstones of this group (Fig. 
2.23). The detrital grains appear to have retained their original size and shape. Angular to 
subangular nature of the detrital grains are indicative of poor textural maturity (Fig. 2.24). 
Detrital grains of quartz, feldspar, micas and heavy minerals are chemically unaltered and 
unzoned (Fig. 2.25). Metcalf phyllite is dominated by metamorphic micas (Fig. 2.26); 
however, detrital feldspar and quartz are also present profusely. Recrystallization of the 
detrital quartz and feldspar in the Metcalf Phyllite resulted from metamorphic activity 
(Fig. 2.27). Both Pigeon and Metcalf are dominated by detrital heavy minerals. The 
heavy minerals occur as thin black beds in these rocks (Fig. 2.28). The dominant heavy 
mineral phases are epidote, sphene, apatite, zircon, and monazite.  
Great Smoky Group (Thunderhead Formation) 
 The Great Smoky Group is subdivided into the Elkmont Sandstone, Thunderhead 
Formation (Sandstone), Anakeesta Formation, and Cades Sandstone (from oldest to 
youngest). Due to time constraint for this research project only Thunderhead Formation is 
selected for provenance study. The Thunderhead Sandstone is the most extensive and 
thickest formation among this group and covers almost half of the eastern part of the 
Great Smoky Mountains. The group is monotonous in character and varies from 
conglomerate to coarse- to fine-grained sandstone and silty or argillaceous slate and 
phyllite.  
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 Thickness of the Thunderhead Sandstone ranges from 6,000 to12,000 feet. The 
Thunderhead Sandstone is the least deformed unit among the whole Great Smoky Group; 
however, the rock unit is intensely folded and metamorphosed at places. Thick graded 
bedding is the most important characteristic of this rock. This rock unit is distinct from 
the other sandstones in the adjacent area on the basis of the grain size and the thickness of 
the beds. The Thunderhead Sandstone can be further classified on the basis of 
composition and grain size. Coarser sandstones are feldspathic, poorly sorted, and contain 
quartz pebbles. Rock fragments are rarely found in this rock. On the other hand finer- 
grained varieties are grey to dark grey with abundant metamorphosed micas which are 
frequently found interbedded with coarser sandstones. Metamorphic biotite is common 
for all the different varieties of the Thunderhead Formation as if lies within the regional 
metamorphic biotite zone.  
 Feldspars and quartz are the dominant mineral phases in this rock (Fig. 2.29). The 
rock contains more rock fragments compared to the entire Snowbird Group (Fig. 2.30a). 
The rock fragments are identified as granite. The interlocking texture among the grains 
and abundance of plagioclase help to identify the rock fragments as granite; occasionally 
the groundmass of these rock fragments are replaced by hematite (Fig. 2.30b); only 
microlites and phenocrysts of plagioclase are visible. The finer grained matrix of the 
Thunderhead sandstone is composed of quartz, feldspar and argillaceous materials. Some 
samples show deformation and alteration of framework grains and matrix material with 
secondary carbonate. Magnetite, ilmenite, sphene, and zircon are the dominant heavy 
mineral phases in this rock; however, the detrital heavy minerals do not occur in thin 
laminae as in the Snowbird Group but rather appear as scattered individual grains (Fig. 
2.31). The detrital heavy mineral grains are much coarser than those in the Snowbird 
Group.  
Basement Orthogneiss 
 Metaplutonic orthogneisses are well exposed in various locations in the study area 
(Fig. 1.1 and 2.1). The basement orthogneisses were metamorphosed from chlorite to 
sillimanite grade, and grade increases to southeast. Less metamorphosed orthogneisses 
display prominent igneous plutonic textures (Fig. 2.32). For this provenance study, only 
the least metamorphosed basement orthogneisses were selected for analysis. 
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 Thirty-two slides of metaplutonic orthogneisses from various locations were 
analyzed for this project. Thin sections of these samples reveal that they have 
interlocking, inequigranular granoblastic texture (Fig. 2.33). The major constituents of 
these rocks are quartz, plagioclase feldspar, alkali feldspar, biotite, hornblende, 
clinopyroxene, muscovite and ilmenite. The accessory phases are epidote, apatite, 
magnetite, alanite, zircon, monazite and garnet.  
Metamorphosed orthogneisses are characterized by recrystallization of quartz and 
some plagioclase (Fig. 2.34). Clinopyroxene grains are commonly altered to hornblende, 
and hornblende grains are commonly altered to biotite. Plagioclase grains sometime 
showed optical zoning and sausseritic alteration.  
Modal Analysis 
 Detrital framework grain abundances in siltstones and sandstones were 
determined by the Gazzi-Dickinson method (1983), counting approximately 1500 grains 
in a standard polished thin section using a “Swift” automated point counting stage 
attached to the stage of a Zeiss polarizing microscope. A 1 mm vertical and 1 mm 
horizontal spacing (minimum spacing available for the modal stage) was used during 
counting. In most slides, quartz and alkali feldspar could be discriminated using 
microstructures and optical properties, but for some grains energy dispersive analysis or 
x-ray images were used to aid in such discrimination. For this project, I considered a 
single crystal larger than the size of the matrix limit (0.0625 mm) as a single countable 
mineral grain and all polycrystalline grains as lithic fragments. 
 The Neoproterozoic Ocoee sediments are characterized by textural and 
mineralogic immaturity. The main framework minerals of these sediments are quartz, 
feldspars and micas, and their volumetric distribution is compiled in Table-2.1. 
Immaturity is more accentuated in the upper part of the Snowbird Group, where 
plagioclase is dominant over K-feldspar (orthoclase, microcline and perthite); only the 
least deformed samples were selected for modal analysis.   
Results 
Pigeon Formation 
 Thirteen thin sections of representative samples of Pigeon Siltstone were 
analyzed. Ternary plots (Fig. 2.35 A and B) show that most of these rocks plot in the field 
28
of arkose and subarkose of Dickinson (1985). A tectonic discrimination diagram 
(Dickinson, 1985) (Fig. 2.36) shows that most of the Pigeon siltstone analyses plot in the 
fields of transitional continental and basement uplift. The Pigeon Siltstones contain a 
greater abundance of detrital alkali feldspar compared to the detrital plagioclase. The Af / 
Pl (alkali feldspar / plagioclase feldspar) ratios for these siltstone samples range from 128 
to 4. The Q-F-R (quartz-feldspar-rock fragment) ternary diagram (Fig. 2.37, after Suttner 
et al., 1981) shows that all of the samples from the Pigeon siltstone fall in the field of 
humid pluton. Triangular plot of these rock samples on a Q-A-P igneous diagram (Fig. 
2.38) show that most of these rocks plot in the field of alkali feldspar granite and granite. 
Only two samples plot in the field of quartz rich granitoid. 
Roaring Fork Formation 
 Fifteen representative thin sections were used to determine the classification of 
the Roaring Fork sandstone. Ternary plots (Fig 2.35 A and B) show that the Roaring Fork 
sandstone is an arkosic or feldspathic arkosic sandstone. The tectonic discrimination 
diagram shows that all samples (except one) plot in the field of basement uplift (Fig. 
2.36). The samples are dominated by alkali feldspars relative to plagioclase feldspars 
(Fig. 2.38). The Roaring Fork sandstones plot in the field of granite and alkali granite. 
Roaring Fork sandstones have very similar Af / Pl ratios compared to Pigeon siltstone 
(123-3.8). The Q-F-R ternary diagram (Fig. 2.37) shows that the Roaring Fork sandstone 
plots in the field of humid pluton.  
Longarm Formation 
 Six samples of the Longarm Formation were analyzed. Q-M-F and Q-F-L ternary 
diagrams (Fig. 2.35 A and B) show that that Longarm quartzite is muddy subarkose or 
subarkose in nature. The tectonic discrimination diagram (Fig. 2.36) shows a cratonic 
interior source for this sediment. The Q-F-R diagram (Fig. 2.37) shows both plutonic 
humid and metamorphic humid sources for the Longarm sediment. The samples are 
dominated by quartz grains in comparison to feldspar grains (Fig. 2.38). The Q-A-P 
diagram (Fig. 2.38) shows that Longarm Formation samples are plotted only in the field 
of quartz rich granitoids.  
 
 
29
Wading Branch Formation 
 Seven samples of Wading Branch sandstone were analyzed. On ternary plots (Fig. 
2.35 A and B), most of these rocks have fallen in the fields of arkose and subarkose 
sandstone. The tectonic discrimination diagram shows a wide range of variety for these 
sediments from basement uplift setting to craton interior setting (Fig. 2.36). The Q-A-P 
diagram represents a wide range of compositional variation for Wading Branch sandstone 
(Fig. 2.38). The composition varies from plagioclase dominant phase to plagioclase poor 
phase and alkali feldspar poor phase to alkali feldspar dominant phases. Q-A-P diagram 
shows that Wading Branch Formation samples are plotted mainly in the fields of granite 
and granodiorite; however, two quartz-rich samples plotted in the field of quartz rich 
granitoid. The Q-F-R diagram shows a humid plutonic source for these sediments (Fig. 
2.37). Two quartz-dominated Wading Branch samples fall in the humid metamorphic 
field.  
Thunderhead Formation 
 Four representative Thunderhead sandstones were analyzed. Ternary plots for 
these samples clearly demonstrate the arkosic nature of these samples (Fig. 2.35 A and 
B). The ternary tectonic discrimination diagram for these samples indicates a basement 
uplift source (Fig. 2.36). The Q-A-P diagram shows a restricted composition for these 
sediments (Fig. 2.38). Volumetrically, alkali feldspar is more abundant than plagioclase 
feldspar. The diagram also shows that all of the Thunderhead samples plot in the field of 
granite. From the Q-F-R diagram (Fig. 2.37) a humid plutonic source was identified for 
these samples.  
Summary and Discussion 
Modal analysis of sandstones and siltstones from five Ocoee Supergroup 
formations demonstrates that most of the rocks are arkose to subarkose (Fig. 2.35 A and 
B). Although considerably more quartz-rich, than other Ocoee formations the Longarm 
quartzite is a feldspathic arenite. Alkali feldspar is more abundant than plagioclase 
feldspar in all samples. Detrital biotite and muscovite are the dominant non-
quartzofeldspathic components. The dominant heavy minerals are zircon, titanite, epidote 
and ilmenite. Lithic fragments are rare, although this is to be expected in fine-grained 
sandstones and siltstones that comprise the greatest thickness of the Wading Branch, 
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Roaring Fork, and Pigeon Formations. This study did not address lithologic identification 
of conglomerate clasts, which are primarily in the Thunderhead Formation, but this 
would be another important feature to examine in future studies. 
Tectonic discrimination diagrams clearly support the inference of a continental 
basement source for the Ocoee sediments (Fig. 2.36). This study thus corroborates the 
inference of Hadley and Goldsmith (1963) regarding the likely source of the Ocoee 
sediments. The Q-F-R ternary diagram suggests a humid plutonic source for the 
Snowbird Group and the Thunderhead Formation (Fig. 2.37), although the fine grain size 
of many of the Snowbird samples could easily explain the lack of rock fragments. The Q-
A-P ternary diagram, typically used for granitic rock classification was applied here to 
illustrate the similarity between Ocoee rocks and potential granitic source rocks (Fig. 
2.38 and 2.39). Many of the Ocoee samples plotted in the granite and alkali feldspar 
granite field, suggesting very little modification of feldspar ratios as a result of 
weathering and transport. This inference will be re-examined in following sections on 
mineral chemistry and whole rock chemical compositions. 
Petrographic observations of the Snowbird Group suggest that these sediments are 
first cycle clastic sediments, texturally and mineralogically immature and dominated by 
original detrital minerals. Although the Snowbird Group samples examined here 
experienced chlorite grade to biotite grade metamorphism, the lack of a strong 
penetrative deformation resulted in preservation of most samples of primary sedimentary 
structures (laminated bedding, ripple cross lamination), primary grain size and shape 
characteristics, and detrital mineralogy. The dominant detrital framework minerals 
(plagioclase feldspar, alkali feldspar, biotite and muscovite) show no petrographic 
evidence of alteration such as sausseritization and sericitization that might accompany 
burial diagenesis. Metamorphic chlorite, white mica, and biotite porphyroblasts are easily 
distinguished from detrital sheet silicates. 
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Table 2.1. Modal analyses (vol %) of the Neoproterozoic Ocoee Supergroup. 
  
Sample No. Strat. Unit Quartz Plagioclase Alkali Feldspar Mica Rock Fragment Total
PM05-5 PG 24 17 38 21 0 100
PM05-3 PG 19 4 57 21 0 100
PM05-4 PG 31 3 49 17 0 100
RTC05-1 PG 22 4 55 19 0 100
PM05-2 PG 26 20 34 20 0 100
WAT08-2A PG 24 4 54 18 0 100
HAR08-1B PG 20 3 58 20 0 100
PIG02-1 PG 29 4 51 17 0 100
WAT08-1 PG 16 1 13 69 0 100
HAR08-1A PG 39 2 10 48 0 100
HOT08-4 PG 40 2 13 45 1 100
HOT08-3B PG 43 2 13 43 0 100
PM05-1 PG 64 3 16 16 1 100
GBP04-5 RF 31 16 32 21 0 100
GBP04-2 RF 21 7 56 16 1 100
GBP04-1 RF 39 19 34 8 0 100
GBP04-4 RF 31 8 41 20 0 100
GBP05-9 RF 35 13 39 12 0 100
WAT08-3-2A RF 29 16 34 21 0 100
GBP04-20 RF 19 5 57 18 1 100
WAT08-5 RF 30 3 50 17 0 100
GBP04-8 RF 35 14 43 8 0 100
GBP04-7 RF 34 16 33 17 0 100
GBP04-3 RF 39 4 39 18 0 100
GBP05-19 RF 49 3 28 21 0 100
GBP05-23 RF 27 11 30 31 1 100
GBP05-20 RF 32 3 34 30 0 100
GBP04-6 RF 24 12 29 35 0 100
WAT08-4B LA 68 10 20 2 0 100
WAT08-4A LA 78 10 10 2 0 100
CCK08-7 LA 71 9 7 12 0 100
CCK08-5 LA 71 6 10 12 0 100
HOT08-1 LA 70 5 8 16 0 100
CCK08-1 LA 65 0 1 34 0 100
WB/AR-1 WB 27 52 15 2 5 100
TUN-2 WB 28 30 37 1 5 100
CCK08-9A WB 24 19 40 13 3 100
WB02C WB 64 4 4 27 1 100
NC07-1B WB 58 11 14 17 0 100
WB-CSC-3 WB 82 7 2 4 4 100
CCK08-12 WB 80 8 8 2 1 100
GBP05-15 TH 31 15 35 11 8 100
GBP05-16 TH 35 15 37 7 5 100
GBP05-17A TH 40 18 31 7 5 100
TH02-1 TH 30 16 35 10 8 100  
 
PG- Pigeon Formation, RF- Roaring Fork Formation, LA-Longarm Formation, WB- 
Wading Branch Formation, TH- Thunderhead Formation. 
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Figure. 2.2. Hand specimen of Wading Branch Formation (metasiltstone variety).  
 
 
 
 
Figure. 2.3. Hand specimen of Wading Branch Formation (coarser variety). 
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Figure 2.4. Photomicrograph of Wading Branch Formation showing plagioclase and 
alkali feldspar (Pl and Afs), quartz (Qtz) and mica (Mca). Mineral abbreviations after 
Kretz, 1983 (for all photomicrographs). A = plane light; B = crossed polars. 
 
 
Qtz
Pl Afs
Metamorphic
Mca
1 mm
Qtz
Qtz
 
 
Figure 2.5. Photomicrograph showing metamorphic mica in Wading Branch Formation 
with relict detrital feldspar and dynamically recrystallized quartz gains. Crossed polars.  
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Figure 2.6. Photomicrograph showing heavy mineral concentration in the Wading Branch 
Formation. Plane light. Sample TUN-2. 
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Figure. 2.7. Hand specimen of Longarm Formation (coarser variety). 
 
 
 
 
 
Figure 2.8. Hand specimen of Longarm Formation (finer variety). 
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Figure 2.9. Photomicrograph of coarser-grained sample of Longarm Formation showing 
abundance of quartz and feldspar. A = plane light; B = crossed polars. 
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Figure 2.10. Photomicrograph shows thin layers of heavy minerals, bedding (S0) and 
weak foliation (S1) in the Longarm Quartzite. Plane light. 
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Figure 2.11. Photomicrograph shows detrital heavy mineral distribution in the Longarm 
Quartzite. A = plane light; B = crossed polars. 
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Figure 2.12. Photomicrograph of foliated fine-grained Longarm Quartzite showing 
dominance of metamorphic micas. A = plane light; B = crossed polars. 
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Figure 2.13. Hand specimen of Roaring Fork Formation (medium grain variety).  
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Figure 2.14. Hand specimen of Roaring Fork Formation (siltstone variety) showing 
bedding (thinly laminated). 
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Figure 2.15. Roaring Fork sandstone with detrital feldspar mineral grains in the rock. A = 
plane light; B = crossed polars. 
 
 
 
 
Bt
Bt
Bt
Bt
Bt
Bt
Chl
Chl Chl
Chl
Ep Ep
Ep Ep
1 mm1 mm
A B
 
 
Figure 2.16. Photomicrograph shows dominant presence of metamorphic biotite 
porphyroblasts in foliated Roaring Fork Sandstone. A = plane light; B = crossed polars. 
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Figure 2.17. Coarser section of Roaring Fork Formation showing dominance of 
silisiclastic matrix. Crossed polars. 
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Figure 2.18. Photomicrograph showing heavy mineral lamination in weakly foliated 
argillaceous Roaring Fork sandstone. Plane light.  
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Figure 2.19. Photomicrograph showing the dominant detrital mineral phases of the 
Roaring Fork sandstone. A = plane light; B = crossed polars. 
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Figure 2.20. Photomicrograph showing the distribution of detrital heavy minerals in the 
Roaring Fork sandstone. Plane light.  
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Figure 2.21. Layers of detrital heavy minerals and metamorphic heavy minerals (titanite 
rim on ilmenite core) in the Roaring Fork sandstone. Plane light. 
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Figure 2.22. Hand specimen of Pigeon Formation. 
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Figure 2.23. Photomicrograph shows detrital mineral distribution in Pigeon siltstone. 
Crossed polars. 
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Figure 2.24. Angular to subangular shape of detrital minerals in Pigeon siltstone show 
poor textural maturity. Crossed polars. 
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Figure 2.25. Photomicrograph showing unaltered and unzoned detrital plagioclase in the 
Pigeon Formation. Crossed polars. 
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Figure 2.26. Photomicrograph of Metcalf phyllite showing foliation and dominance of 
chlorite and metamorphic micas. Plane light. 
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Figure 2.27. Recrystallization of quartz and feldspar in Metcalf phyllite, with detrital 
zircon. A = Plane light, B = Crossed polars. 
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Figure. 2.28. Photomicrograph showing detrital heavy minerals in Pigeon siltstone. Plane 
light. 
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Figure 2.29. Photomicrographs of Thunderhead sandstone showing detrital feldspar, 
quartz, zircon and biotite. A = Plane light, B = Crossed polars. 
 
 
 
 
 
 
 
Figure 2.30a. Photomicrographs showing distribution of detrital minerals and rock 
fragments in Thunderhead Formation. A = Plane light, B = Crossed polars. 
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Figure 2.30b. Photomicrograph of two granitic rock fragments exhibiting extensive 
replacement of the groundmass by hematite. Note only plagioclase microlites and 
phenocrysts are visible. Crossed polars. 
 
 
 
 
Figure 2.31. Distribution of zircon and mica in Thunderhead Formation. A = Plane light, 
B = Crossed polars. 
 
 
50
0 cm 3 cm
 
Figure 2.32. Hand specimen of relatively undeformed basement orthogneiss showing 
prominent granitic texture. Sample FC08-1. 
 
 
Figure 2.33. Interlocking, inequigranular granoblastic texture observed in basement 
orthogneiss. A = Plane light, B = Crossed polars. Sample FC08-2. 
 
 
 
Figure 2.34. Recrystallization of quartz and feldspar in basement plutonic orthogneiss. 
Crossed polars. 
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1-Pelite, 2-Muddy sandstone, 3-Muddy subarkose and feldspathic siltstone, 4- Muddy 
arkose and feldspathic siltstone, 5-Subarkose and 6-Arkose. 
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1-Quartz Arenite, 2-Subarkose, 3-Sublitharenite, 4- Lithic Subarkose, 5-Arkose, 6-Lithic 
Arkose, 7-Feldsparthic Litharenite, 8-Litharenite.  
 
Figure 2.35.  Sandstone classification for all Ocoee samples (after Dickinson, 1985). A : 
Q-F-M (Mica); B : Q-F-L (Lithic fragment). 
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Figure 2.36. Tectonic discrimination diagram for all Ocoee samples. 1-craton interior, 2-
recycled orogen, 3-transitional continental, 4-basement uplift, 5-disected arc, 6-
transitional arc, 7-undisected arc. 
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Figure 2.37. Q-F-R diagram showing provenance characteristics of the Ocoee sediments. 
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Figure 2.38. Q-A-P granite ternary classification diagram. 1- Quart-rich granitoids, 2-
Alkali feldspar granite, 3-Granite, 4-Granodiorite, 5-Tonalite, 6-Quartz alkali feldspar 
syenite, 7-Quartz syenite, 8-Quartz monazite, 9-Quartz monzodiorite, 10-Quartz 
diorite/quartz gabbro, 11-Alkali feldspar syenite, 12-Syenite, 13-Monazite, 14-
Monzodiorite, 15-Diorite/Gabbro/Norite.  
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Figure 2.39. Q-A-P granitic ternary classification diagram of the basement orthogneisses 
from Loughry, 2010.  
Copyright © Suvankar Chakraborty 2010 
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Chapter 3 
Detrital Feldspar Compositions 
 
Method and Analytical Details 
Detrital feldspar compositions in clastic rocks and feldspar in basement 
orthogneisses were determined by fully automated wavelength dispersive analysis on the 
ARL SEMQ electron microprobe at the University of Kentucky. Analytical conditions for 
feldspars were 15 kV accelerating potential and 10 nA sample current using a rastered 
beam. Chemical compositions of feldspar grains were determined down a grain size of 10 
µm with high precision. U.S. National Museum silicate minerals were used as standards. 
Background corrected X-ray counts were converted to oxide concentrations using the 
ZAF routine of Probe for Windows (Donovan et al., 1993). The precision depends on 
counting statistics, particularly the number of X-ray counts from the standard and sample, 
and the reproducibility of the WD spectrometer mechanisms. The minimum obtainable 
precision is about ± 1% relative for major oxides and ± 5% relative for minor oxides and 
trace elements. Representative analyses are shown in Tables 3.1 to 3.7. The full dataset 
includes 1650 feldspar analyses and is available in the Appendix 1.1 to 1.8. 
Petrographic observations revealed that feldspars in undeformed Ocoee strata 
were mostly fresh and unaltered (Fig. 3.1). Fifteen to twenty detrital feldspars grains from 
each slide were analyzed. To assess whether that number of grains provided sufficient 
representation of feldspar compositions, 40 grains of detrital feldspar in one sample were 
analyzed. The relative homogeneity (within sample CCK08-5 [Afs: Or99-87 Ab1-13; 1σOr = 
1 mol%; Plag: Ab99-94 An1-7; 1σAb = 2 mol%] compared to entire Longarm Formation 
[Afs: Or99-86 Ab1-14; 1σOr = 1 mol%; Plag: Ab100-94 An0-7; 1 σAb = 2 mol%]) of detrital 
feldspar compositions obtained here suggests that all potential feldspar compositions 
were measured for each sample. Two analyses were made for each feldspar grain to 
check precision, and the average of the two analyses was deemed the composition of that 
feldspar grain reported in Tables 3.1 to 3.6 and Appendix (1.1 to 1.8). Chemical analyses 
were recalculated to determine the mole proportion of An, Ab, and Or end-members.  
 Samples of basement orthogneisses were collected on the basis of outcrop 
availability and not on the basis of relative proportion of potential source rocks. The 
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attempt was also made to obtain a wide range of orthogneiss compositions. Therefore, it 
is possible that one small orthogneiss unit could bias the source feldspar compositions 
that were used to compare with detrital feldspar compositions.  
Results 
Snowbird Group 
Pigeon Formation and Metcalf Phyllite 
 One hundred and twenty-five detrital feldspar grains were analyzed in 6 samples 
of Pigeon siltstone and 97 grains of the detrital feldspar were analyzed in 5 samples of the 
Metcalf phyllite. The Pigeon siltstone contains abundant alkali feldspar and lesser 
plagioclase (Chapter 2). Compositions of plagioclase in the Pigeon are bimodal in nature; 
albite and oligoclase (Fig. 3.2). The oligoclase composition varies from An27Or1Ab27 to 
An17Or1Ab82 and the albite composition varies from An10Or1Ab89 to An0.1Or2.5Ab97.4. All 
though the albite composition varies by 12 mole%, individual grains are homogenous as 
revealed by X-ray mapping (Fig. 3.3). Most of the detrital alkali feldspars within the 
Pigeon Formation samples are extremely Ca poor with as much as 13 mole% albite 
component (Fig. 3.2). The compositions vary from An1.5Or88Ab10.5 to An0Or100Ab0. 
 The plagioclase feldspar in the Metcalf is nearly pure albite (Fig. 3.4), in contrast 
to the Pigeon Formation. The Metcalf phyllite also contains orthoclase-rich alkali 
feldspar (microcline) and a potassic albite variety, not present in any of the other samples 
(Fig. 3.4), the composition of which varies from An1.5Or12Ab86.5 to An0.5Or21.5Ab78. The 
alkali feldspar is also much more homogeneous (An0.4Or95.6Ab4) in the Metcalf phyllite 
compared to the Pigeon, and compared to alkali feldspar in other Snowbird formations.  
Roaring Fork Formation 
 One hundred and twenty-eight detrital feldspar grains were analyzed from 8 
samples of Roaring Fork sandstone. The feldspar compositions in the Roaring Fork 
Formation are similar to those in the Pigeon Formation (Fig. 3.5). Plagioclase in the 
Roaring Fork sandstone is mostly albite with minor oligoclase. The oligoclase 
composition in Roaring Fork is more homogeneous (An11.5Or1Ab87.5) (Fig. 3.5) than 
Pigeon Siltstone. Albite compositions vary from An9.8Or0Ab90.2 to An0Or0.1Ab99.9 (Fig. 
3.5). Individual grains are homogenous (Fig. 3.6).  
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Potassium feldspar compositions in the Roaring Fork are relatively more sodic in 
comparison to the Pigeon siltstone. The composition ranges up to 7 mole% albite, and 
rare grains contain as much as to 17 mole% albite (Fig. 3.5). Optical examination and X-
ray mapping show that individual potassium feldspar grains are chemically unaltered and 
remarkably homogenous (Fig. 3.7). Optical characteristics indicate that potassium 
feldspar is microcline.  
Longarm Formation 
 Sixty-eight grains of detrital feldspars were analyzed from 4 samples of Longarm 
quartzite. Plagioclase grains are albitic and relatively homogenous (An5Or0Ab95 to 
An0Or0.8Ab99.2) (Fig. 3.8). Individual grains of albite are optically clear, unaltered and 
homogenous (Fig. 3.9).  
 The alkali feldspar is sodic and very Ca poor (Fig. 3.8) and compositionally very 
similar to those alkali feldspars in the Roaring Fork sandstone. The composition varies 
from Ab0 to Ab13. Individual alkali feldspar grains are chemically homogeneous (Fig. 
3.10).  
Wading Branch Formation 
 Stratigraphically, the Wading Branch Formation is the lowest Ocoee unit and lies 
unconformably on Grenville basement. The plagioclase is mainly albite (Fig. 3.11) that 
varies from An10Or0Ab90 to An0Or2Ab98. Single grains are homogenous (Fig. 3.12). 
 The alkali feldspar grains in this rock are microcline and similar in chemical 
composition to Longarm quartzite, Roaring Fork sandstone and Pigeon siltstone (Fig. 
3.11). The composition of detrital alkali feldspar varies from An0Or88Ab12 to 
An0Or100Ab0 (Table 3.4) also similar to other Snowbird formations. 
Great Smoky Group 
Thunderhead Formation 
 Thirty-six grains of detrital feldspar from 3 Thunderhead samples were analyzed. 
The detrital plagioclase feldspar is albitic and very homogenous in composition (Fig. 
3.13). The composition of plagioclase ranges from An3Or0Ab97 to An0Or0Ab100 (Table 
3.5). Detrital alkali feldspar is also quite homogenous and had very similar chemical 
characteristics to the detrital alkali feldspar of the Snowbird Group (Fig. 3.13 and 3.14). 
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The compositions of these alkali feldspar grains in the Thunder sandstone range from 
An0.2Or95Ab4.8 to An0Or98.5Ab1.5.  
Basement Orthogneiss 
 Two hundred and thirty-three grains of feldspar were analyzed from 15 samples 
of basement orthogneisses. Plagioclase is generally low in Or component but varies from 
An0 to An48 (Fig. 3.15). Individual grains are homogenous (Fig. 3.16). Some of the 
feldspar grains show unusual composition, ranging from An48Or8Ab44 to An42Or4Ab54. 
 The alkali feldspars of the orthogneisses are very similar in composition in 
comparison to the detrital feldspars of the Neoproterozoic Ocoee sediments (Fig. 3.15). 
The composition of alkali feldspars from the basement orthogneisses ranges from 
An0.2Or75.8Ab24 to An0.1Or98Ab2 (Fig. 3.15 and Table 3.6).  
Discussion 
Quantitative electron probe microanalyses of alkali feldspar grains in the 
basement orthogneisses and in the Neoproterozoic Ocoee sediments show remarkable 
chemical homogeneity and similarity (Fig. 3.17 A and B). Compositions of oligoclase 
and albite grains in the Neoproterozoic Ocoee sediments and the basement orthogneisses 
are also homogenous and very much identical (Fig. 3.17 A and B). All these observations 
indicate that the source for the Ocoee sediments might be a plutonic granitic rock. Ca-
rich plagioclase feldspar grains observed in the basement orthogneisses are totally 
missing in the detrital Neoproterozoic Ocoee units. There are four possible explanations 
for this phenomenon; (i) the Ca-rich plagioclase grains from the basement orthogneisses 
were albitized and therefore, they are missing in sediments; (ii) sediments were derived 
from a restricted source; (iii) preferential chemical weathering due to high Ca content and 
relative instability; and (iv) one or two basement samples from small outcrop areas biased 
the basement signature. 
Petrographic observation (Chapter 2) reveals that detrital feldspar grains in the 
Neoproterozoic Ocoee Supergroup are fresh and chemically unaltered. Wavelength 
dispersive scan (WDS) images (Fig. 3.3, 3.6, 3.7, 3.9, 3.10, 3.12, 3.14, and 3.16) and 
quantitative analyses of core and rim of individual detrital feldspar grains (Table 3.7) 
demonstrate the homogeneity of the detrital plagioclase. According to Ogunyomi et al. 
(1980) and Yu et al., (1997), during albitization, the feldspar composition changes from 
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Ca-rich plagioclase to Ca-poor plagioclase (albite), this is evident in petrographic study 
and electron microprobe analysis (Fig. 3.18 A). In this study neither petrographic 
evidence nor electron microprobe analysis suggests any albitization of plagioclase in the 
Neoproterozoic Ocoee sediments (Fig. 3.18 B) or the basement orthogneisses. The other 
possibility is 100% alteration (100% albitization) of the original detrital Ca-rich 
plagioclase grains to albite. Experimental studies of Hövelmann et al. (2010) suggested 
that 600ºC temperature and 2 Kbars pressure are needed to produce 100% albitization. 
Petrographic observations of the Ocoee units indicate that these sediments never 
experienced that high temperature regime. Low-temperature albitization is characterized 
by sodium reached secondary fluid, chessboard texture of albitized feldspar (Walker, 
1984) and blocky to sector extinction pattern of the albitized feldspar grains (Gold, 
1987). Presence of sodium reach secondary fluid was never reported by any previous 
researcher (Hadley and Goldsmith, 1963; King et al., 1958; King, 1964) in the 
Neoproterozoic Ocoee Formations; and in the present study, neither petrographic 
observations nor electron microanalysis have supported that theory. Chessboard texture 
and blocky to sector extinction was not observed in any of the detrital feldspar grains in 
the Ocoee stratigraphic units. Therefore, from electron micro analysis it is clear that 
albitization was not dominant in these formations. 
After careful observations and interpretations of petrographic and microprobe 
data I eliminate theory one (i), to be the reason for omission of Ca-rich plagioclase in 
detrital phase of the Ocoee Formations. Therefore, theory two (ii), sediments derived 
from restricted source should be the main reason for this selective distribution. The 
sources were determined on the basis of closely matched feldspar mineral chemistry. 
Feldspar grains from basement samples FC04-1b, CH02-2b, FC04-2, FC08-1, FC08-2, 
CCK08-4 and CCK08-9d, CCK08-8 show a close match with the detrital plagioclase 
grains of the Ocoee sediments (Fig. 3.19 A and B). Therefore, these basement sample 
locations (Fig. 2.1) might be a potential (restricted) source for the Neoproterozoic Ocoee 
sediments. Paleocurrent data of the Ocoee formations show a dominant west to southwest 
direction (Tull, 2007), which also support a restricted source theory for the 
Neoproterozoic Ocoee sediments. Theory two (ii) does match pretty well with mineral 
chemistry and paleocurrent data; however, there are two other possibilities, which are 
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theories (iii) and (iv). Particularly theory four (iv), Table 3.8 and Figure 3.20 show that 
only three samples from small outcrops add high amounts of Ca-rich plagioclase grains in 
the total basement feldspar compositions. Beside that fact it is quite firm from this study 
that adjacent gneissic basement rock was the source for the Neoproterozoic Ocoee 
sediments. 
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Table 3.8. Minimum, maximum, mean and (1 σ) standard deviation of anorthite content 
(An) of plagioclase grains from basement orthogneisses. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Note- Most of the samples showed the entire An range found in plagioclase grains in the 
basement rock. However, only three samples show very high An content compared to the 
rest of the basement samples. 
 
Sample  Min An Max An Mean Std Dev 
CH02-2B 2.6 25.1 14.3 7.3 
NB04-1 25.5 46.0 33.6 7.8 
MV02-3 0.0 36.5 29.0 4.9 
FC04-1b 20. 5 36.5 25.0 11.5 
CCK08-3 - - - - 
CCK08-4 1.0 4.2 1.2 1.3 
CCK08-9D 1.0 1.0 1.0 0.0 
CCK08-8 1.0 4.0 2.0 2.1 
DEL04-5 20.8 25.5 24.2 1.5 
PK03-3 12.7 19.3 16.7 2.3 
FC04-2 19.8 28.3 24.0 4.0 
FC04-3A 39.2 42.1 40.3 0.7 
FC04-3B 34.3 42.9 39.7 3.1 
FC08-1 7.4 25.0 19.2 5.8 
FC08-2 34.0 36.3 34.8 1.4 
MV02-8B 32.4 36.6 34.4 1.4 
SC04-6 21.7 27.1 24.6 2.3 
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Figure 3.1. Photomicrograph showing detrital feldspar grains with minor mica inclusions 
in the Wading Branch Formation (A) and the Roaring Fork Formation (B). Crossed 
polars. 
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Figure 3.2. Compositions of detrital feldspar grains in the Pigeon Formation. 
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Figure 3.3. BSE image and WDS maps (K, Al, and Na) of detrital plagioclase grain from 
the Pigeon Formation showing chemical homogeneity.  
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Figure 3.4. Compositions of detrital feldspar grains in the Metcalf phyllite. 
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Figure 3.5. Compositions of detrital feldspar grains in the Roaring Fork Formation. 
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Figure 3.6. BSE image and WDS maps (Na, and Ca) of detrital plagioclase grain from the 
Roaring Fork Formation showing chemical homogeneity.  
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Figure 3.7. BSE image and WDS maps (K, Na, and Al) of detrital alkali feldspar grain 
from the Roaring Fork Formation showing chemical homogeneity.  
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Figure 3.8. Compositions of detrital feldspar grains in the Longarm Formation. 
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Figure 3.9. BSE image and WDS maps (Na, K, and Al) of detrital plagioclase grain from 
the Longarm Formation showing chemical homogeneity.  
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Figure 3.10. BSE and WDS images (K and Na) of detrital alkali feldspar grain from the 
Longarm Formation showing chemical homogeneity.  
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Figure 3.11. Compositions of detrital feldspar grains in the Wading Branch Formation. 
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Figure 3.12. BSE image and WDS maps (Na, K, and Al) of detrital plagioclase grain 
from the Wading Branch Formation showing chemical homogeneity. 
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Figure 3.13. Compositions of detrital feldspar grains in the Thunderhead Formation. 
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Figure 3.14. . BSE image and WDS maps (K and Na) of detrital alkali feldspar grain 
from the Thunderhead Formation showing chemical homogeneity.  
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Figure 3.15. Compositions of feldspar grains in the basement orthogneiss. 
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Figure 3.16. BSE image and WDS map (Na) of plagioclase grain from the basement 
orthogneiss showing chemical homogeneity. 
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Figure 3.17. Or-Ab-An feldspar ternary diagrams of basement orthogneiss (A) and Ocoee 
sediments (B) comparing feldspar compositions.  
 
 
 
 
Figure 3.18. (A) BSE image of plagioclase grain showing albitization, with prominent 
andesine core and albite rim (from Yu et al., 1997). (B) BSE image of plagioclase grains 
and alkali feldspar grains from the Roaring Fork Formation do not show any alteration / 
albitization.  
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Figure 3.19. Or-Ab-An feldspar ternary diagrams of selective basement orthogneiss 
samples (A) and Ocoee sediments (B) comparing feldspar compositions.  
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Figure 3.20. Variation of An content in plagioclase grains from the basement 
orthogneisses. 
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Chapter 4 
Whole-rock Geochemistry 
 
Introduction 
 The composition of clastic sediments is a function of source composition, extent 
of weathering, nature of sediment transport processes, and dispersal paths (Roser and 
Korsch, 1986a, 1986b, 1988; McLennan et al., 1990; Eriksson et al., 1992; Weltje and 
von Eynatten, 2004). The difference in composition between a sediment and its source 
reflects changes in the mineralogical composition of the sediments due to the effects of 
weathering processes on the original sedimentary source and diagenesis of deposited 
sediments (Nesbitt and Young, 1984, 1989; Cullers, 1994; Wandres et al., 2004). Certain 
elements (e.g. REE, Th, Cr, Sc) are considered immobile and purportedly record the 
chemical signatures of the source rocks. Certain trace elements (e.g., Zr, Sc, Nb, Ga) are 
virtually insoluble during weathering, erosion, and transport and are transported nearly 
quantitatively from sources in various tectonic settings into terrigenous clastic sediments 
(Bhatia and Crook 1986; Cullers et al. 1988; McLennan et al. 1990, 1993). Ratios of 
major oxides are also relatively constant from source to sink (Bhatia 1983, 1985; Roser 
and Korsch 1988; Hayashi et al. 1997; Rahman and Faupl 2003). Accordingly, whole-
rock geochemical compositions of sedimentary rocks bear a relationship to the 
composition of the source rocks and have been used successfully to constrain the specific 
tectonic affinities and provenance of siliciclastic sediments. The chemical composition of 
first-cycle terrigenous sedimentary rocks might be least altered in certain environments 
and might be used to identify source rock characteristics (Bhatia, 1983; Mongelli et al., 
1996). 
 Seventeen samples of Neoproterozoic Ocoee Supergroup low grade metasiltstones 
and metasandstones were analyzed using X-ray fluorescence spectrometry (Table 4.1). 
Geochemical analyses of two rock samples (Clemons and Moecher, 2009) from the 
Pigeon Formation (Table 4.1) and thirty analyses of basement orthogneisses (Table 4.2) 
(Eric Anderson, pers. comm. 2009) were also employed in the study. Five rock samples 
each for Roaring Fork and Wading Branch Formation, four rock samples of Pigeon and 
Longarm Formation, and one rock sample for Thunderhead Formation were used. Bhat 
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and Ghosh (2001) and Zimmermann and Bahlburg (2003) pointed out that sandstone 
geochemistry and sandstone petrography is very much interconnected. The behavior of 
major and trace elements in sedimentary systems is a direct function of the stability and 
durability of the minerals that contain those elements. There is thus a close connection 
between detrital mineralogy and sedimentary chemistry. To properly use this tool, 
sandstone geochemistry must be interpreted in the context of the detrital mineralogy. 
Through petrographic observation (Chapter-2) it is clear that among all of the 
Neoproterozoic Ocoee formations, the Longarm quartzite is the only formation 
dominated by detrital quartz. Therefore, it is obvious that the geochemistry of the 
Longarm samples will be biased toward high SiO2 content; and these compositions of the 
Longarm likely reflect more thorough weathering, rather than unaltered samples.  The 
compositions of the Longarm quartzite were included in some places in this chapter only 
for comparison.   
Methods 
Fresh samples were collected from the outcrops and were rinsed thoroughly in 
distilled water to remove surface contamination. The samples were initially disaggregated 
to a size of ¼” by a jaw crusher and afterward 40 mesh sizes using a pulverizer at the 
Kentucky Geological Survey. The crushed sample was rinsed with water to remove rock 
flour. Afterward the sample was treated with 1 M dilute hydrochloric acid to remove 
calcite from the sample.  
Major element analyses were performed at the Kentucky Geological Survey using 
a 4-kW Bruker S4 Pioneer wavelength dispersive X-ray fluorescence spectrometer. The 
operating conditions were 27 kV voltage and 70 mA current. Powdered sample was 
mixed with dilithium tetraborate in a 1:2 ratio and subsequently shaken for 10 minutes to 
produce a homogeneous mixture. Fused disks were made using a fusion method at 
1200ºC. Loss on ignition (LOI) was determined by weight loss. Standards used for 
routine calibration are the United State Geological Survey rock standards (GSP-2, MRG-
1, and MGR-1) and Canadian Certified Reference Materials Project standard (WCB-1). 
Analytical precision (relative standard deviation) is usually < 2% relative for major 
elements and <5% for minor elements. Trace elements (Pb, Cu, Co, Ni, Cr, Ce, V, La, 
Ba, Nb, Zr, Y, Sr, Rb, U, Th, Ga and Zn) were also analyzed in fused disks using the 
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same standards and analytical methods using the Spectra Plus program (precision varies 
between 5-10%). Normative components were calculated using the “Igpet” geochemistry 
program.  
Results 
Major Element Oxide Patterns 
 Results of the chemical analysis of Ocoee sediments are compiled in Table 4.1. 
Also shown are normative mineralogy, chemical indices of alteration (CIA) after Nesbitt 
and Young (1982), plagioclase index of alteration (PIA) after Fedo et al. (1995), and 
weathering index of Parker (WIP) after Parker (1970).  
Using the geochemical classification scheme of Herron (1988), the 
Neoproterozoic Ocoee sediments are classified as subarkose and sublitharenite except for 
one sample of Wading Branch that falls in the quartz arenite field (Fig. 4.1). Longarm 
Quartzite falls in the field of quartz arenite. For further whole-rock geochemical 
discussion of the Ocoee sediments, the Longarm quartzite will not be considered.  
Harker variation diagrams (Fig. 4.2) of major oxides define a calc-alkaline trend 
(Peccerillo and Taylor, 2004) for the Neoproterozoic Ocoee sediments: TiO2, MgO, 
Al2O3, MnO, Fe2O3 and CaO show a negative correlation with SiO2 (Fig. 4.2); and Na2O 
and K2O show a positive correlation with SiO2 (Fig. 4.2). An AFM plot (Fig. 4.3) also 
shows the calc-alkaline trend for Ocoee sediments. The sedimentary discrimination 
diagram of Roser and Korsch (1986) for terrigenous sediment suggests an active 
continental margin setting for these sediments (Fig. 4.4) in contrast to the results obtained 
for sandstone petrography. However, two samples of Wading Branch Formation and one 
sample of Thunderhead plotted in the field of a passive margin setting.  
CIPW norms were calculated for all of the analyzed Neoproterozoic Ocoee 
Formations (Table 4.1). A normative Q-Af-Pf ternary diagram (Fig. 4.5) shows that most 
of the Neoproterozoic Ocoee formations plot in the field of granite and alkali feldspar 
granite. Only one Pigeon siltstone sample plotted in the field of granodiorite. A 
normative An-Ab-Or ternary diagram (Fig. 4.6) shows that all of the Neoproterozoic 
Ocoee sediments plot in the field of granite except for one Pigeon siltstone sample that 
plotted in the field of granodiorite. 
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The effect of weathering processes on sedimentary rock sources can be assessed 
in several ways. Chemical Index of Alteration (CIA) (Nesbitt and Young 1982) quantify 
the source weathering history (e.g., McLennan et al., 1993; Bock et al., 1998; Young et 
al., 1998; Young, 2002). The CIA is defined using molecular proportions of oxides: CIA 
= 100 × Al2O3 / (Al2O3 + CaO∗ + Na2O + K2O), where CaO∗ is CaO in silicate minerals, 
as opposed to Ca in silicates and carbonates or phosphates. Details of the CaO correction 
for bulk-rock chemistry are given by McLennan et al., (1993). The CIA values of the 
Neoproterozoic Ocoee Supergroup vary from 50 to 72 (Table 4.1). According to Nesbitt 
and Young (1982), for a fresh unaltered granitic rock, the average CIA value should be 
55; however, for sandstones, a wide range of CIA values can be expected. The average 
CIA values for Wading Branch, Longarm Quartzite, Roaring Fork, Pigeon Formation and 
basement orthogneiss are 59, 57, 63, 62 and 55, respectively (Table 4.1 and 4.2). Units 
adjacent to the basement rock have lower CIA values (Fig. 4.7). The low CIA values of 
all of the Neoproterozoic Ocoee formations are comparable to the average CIA value of 
the fresh basement orthogneiss (55) (Fig. 4.7) consistent with the composition of the 
Neoproterozoic Ocoee sediments reflecting source characteristics. Lower SiO2 samples 
have higher CIA. 
The average Plagioclase Index of Alteration (PIA) (Fedo et al., 1995) value (PIA 
= 100 ×[(Al2O3 - K2O) / (Al2O3 + CaO∗ + Na2O -K2O)], where CaO∗ is CaO in silicate 
minerals, as opposed to Ca in silicates and carbonates or phosphates) of fresh unaltered 
basement orthogneiss is 56 ± 5 (Table 4.2) and the average PIA values of Wading Brach, 
Longarm, Roaring Fork, Pigeon and Thunderhead are 66 ± 7, 64 ± 7, 68 ± 7, 68 ± 10 and 
64, respectively (Fig. 4.8). For a fresh unaltered rock the PIA value is 50 (Price and 
Velbel, 2003). The average Weathering Index of Parker (WIP) (Parker, 1970) value (WIP 
= 100 ×[(2 Na2O / 0.35) + (MgO / 0.9) + (2 K2O / 0.25) + (CaO∗/ 0.7)], where CaO∗ is 
CaO in silicate minerals, as opposed to Ca in silicates and carbonates or phosphates) and 
SiO2 / Al2O3 ratio in the basement orthogneiss are 68 ± 7 and 4.5 ± 1 (Table 4.2); whereas 
the average WIP values and SiO2 / Al2O3 ratios in the Neoproterozoic Ocoee sediments 
are 54 ± 12 and 6.3 ± 3 (Wading Branch Formation); 37 ± 5 and 12 ± 1 (Longarm 
Formation); 57 ± 4 and 4.5 ± 1 (Roaring Fork Formation); 59 ± 3 and 4.2 ± 1 (Pigeon 
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Formation) and 47 and 8 (Thunderhead Formation) (Table 4.1 and Fig. 4.9). The WIP 
value for a fresh unaltered rock is 100 (Price and Velbel, 2003). It is quite interesting to 
note that samples CCKO8-9A and CCK08-12 (Wading Branch), which are basal 
conglomerates that contain abundant quartz, feldspar and some granitic pebbles, have 
very high SiO2 / Al2O3 ratios. The other two samples of Wading Branch Formation, which 
are much finer-grained (sand size) have average SiO2 / Al2O3 ratio 3.7 ± 0 (Table 4.1). In 
contrast, samples of the Longarm Formation have very high SiO2 / Al2O3 ratios as 
expected for a quartz rich rock. 
Trace Elements 
 Trace element concentrations of Neoproterozoic Ocoee formations are compiled 
in Table 1. Trace element variation diagrams (Fig. 4.10) show a weak calc-alkaline trend 
(Peccerillo and Taylor, 2004) for the Neoproterozoic Ocoee Formations; Ce, Ga, La, Nb, 
Rb, Sr, V and Y (ppm) show negative correlation with SiO2. Average concentrations of 
trace elements of each Neoproterozoic Ocoee formation were calculated and plotted on a 
“spider diagram” (Fig. 4.11) normalized to upper continental crust (Taylor and 
McLennan, 1985).  In comparison with average upper continental crust (UCC) the 
concentrations of most trace elements are generally high. In particular, all Neoproterozoic 
Ocoee sediments are enriched in Zr, Th, U, Ce and Y compared to average continental 
crust (Fig. 4.11).  The average relative concentration ratios lie between 1 and 10, except 
for Sr, with consistently much lower average relative concentration values (~ 0.16 to 
0.44), and low value of Rb (~ 0.88 Thunderhead) and K (~ 0.52–0.76 for Pigeon and 
Roaring Fork) in some rock types (Fig. 4.11). For Nb it is depleted in most of the Ocoee 
units (Fig. 4.11).  
 Whalen et al. (1987) first demonstrated the relationship between Zr vs Ga / Al 
ratio with respect to different granitic rocks. Using the approach proposed by Whalen et 
al. (1987) and Tollo et al. (2004a), all of the Neoproterozoic Ocoee sediments plot in the 
field of A-type granite (Fig. 4.12). The Pearce et al. (1984) diagram of the Y+Nb vs Rb 
(Fig. 4.13) suggests a within plate granite as the source for these sediments. The 
basement rocks (Table 4.2) also show a within plate tectonic setting (Fig. 4.13) and a 
dominant A type granitic signature (Fig. 4.12).  
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Discussion 
 The CIA of a rock attempts to quantify the degree of alteration of feldspars grains 
to clay minerals in igneous source rocks. The lowest CIA value that sediment can have is 
55, which is the CIA value of unaltered feldspar. An immature first cycle sediment can 
have CIA value as high as 69 (Medaris et al., 2003). The CIA measures the chemical 
weathering of feldspars only, not the abundance of quartz relative to feldspar. Increases 
in quartz relative to feldspar are traditionally considered a measure of sediment maturity. 
The CIA values of 55 for the Longarm Formation imply feldspar grains were physically 
fractionated from sediments during transport. 
CIA values calculated for the Ocoee sediments are plotted in a ternary diagram 
(Fig. 4.14) after Nesbitt and Young (1982) along with the average CIA value of the 
basement orthogneiss, the average composition of Archean TTG (tonalite – trondjhemite 
- granite) and average composition of the upper Archean upper continental crust for 
comparison with various average crustal compositions. Figure 4.14 shows a slight 
enrichment in Al2O3 concentration in the Neoproterozoic sediments compared to the 
basement orthogneiss. The higher CIA of some Ocoee clastic rocks may not reflect 
weathering. For instance, CIA values for the Wading Branch Formation (the basal Ocoee 
Formation that unconformably overlies basement) are slightly greater than basement, 
when they are essentially least altered. The Pigeon and Roaring Fork Formation have 
highest CIA (Table 4.1), but they also contained the highest modal abundance of detrital 
muscovite and biotite (Table 2.1), which results in higher CIA. The close match between 
the SiO2 / Al2O3 ratios of the sediments (Table 4.1) and the basement orthogneisses 
(Table 4.2) clearly suggests the low alteration, first cycle clastic sediment nature of these 
Neoproterozoic Ocoee formations. 
The Weathering Index of Parker (WIP) is another weathering index method and 
appropriate for application to weathering profiles on heterogeneous and homogeneous 
parent rock. The WIP calculation includes only the highly mobile alkali and alkaline 
earth elements in its formula; therefore, it yields values that differ greatly from those of 
the parent rock. In addition, the WIP allows for aluminum mobility, unlike the CIA and 
PIA indices. The optimum value of WIP for an unaltered sample is 100 and for highly 
altered sample is 0. The WIP should be applied judiciously, as alkali and alkaline earth 
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metals are readily depleted during weathering. PIA is another useful weathering indexing 
tool and can be used as substitute for CIA. Because plagioclase is abundant in silicate 
rocks and dissolves rapidly, the PIA becomes useful when plagioclase weathering needs 
to be monitored. Higher PIA values correlate with a higher alteration of plagioclase 
grains to clay minerals. Unaltered plagioclase has a PIA value of 50 and fully altered 
sample has PIA value of 100. For first cycle sediment, PIA value may vary from 60 to 90 
(Fedo et al., 1996).  
The WIP and PIA values both for sediments and basement orthogneisses (Table 
4.1 & 4.2 and Fig. 4.8 & 4.9) show a restricted variation which also supports the 
hypothesis of low alteration characteristic of these sediments. According to Fedo et al. 
(1996), the PIA value of sediment needs to be 98 to convert all plagioclase grains into 
albite, and CIA values need to be 95 to 100. The CIA, WIP and PIA values of the 
Neoproterozoic Ocoee Supergroup (Table 4.1) are much less than the critical values 
where plagioclase is converted into albite (Fedo et al. 1995, 1996).  
The concentrations of major oxides have also been used for sandstone 
classification: silica and alumina, alkali oxides and iron oxides and magnesia. Herron 
(1988) used these major oxides to discriminate sandstone types. Pervious sandstone 
classification with Na2O / K2O was never analyzed properly, e.g., an arkose sample with 
high albite concentration will have high Na2O / K2O and the Roser and Korsch (1986) 
classification will incorrectly classify that sample as lithic arenite. With the Herron 
(1988) sandstone classification, high Na2O / K2O and SiO2 / Al2O3 sandstone samples can 
be properly classified. 
 The Herron (1988) classifications for the Neoproterozoic Ocoee Formations agree 
reasonably well with the petrographic Q-F-L diagram (Fig. 2.35b). Some Ocoee samples 
are sublitharenite, and this is consistent with the high concentration of detrital micas 
(Table 2.1). CIPW normative diagrams of quartz-alkali feldspar-plagioclase feldspar and 
orthoclase-albite-anorthite (Fig. 4.5 & 4.6) clearly suggest a granitic and alkali granitic 
source for these sediments. CIPW normative diagram of quartz-alkali feldspar-
plagioclase feldspar from the Grenville basement granitic rock also match perfectly with 
the CIPW normative diagram of quartz-alkali feldspar-plagioclase feldspar from the 
Ocoee sediments (Fig. 4.15). The calc-alkaline trend which was observed both in major 
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and trace element chemistry (Fig. 4.2, 4.3 & 4.10) of the Neoproterozoic Ocoee 
Formations was also observed in the basement orthogneisses (Tollo et al., 2004a & 
2004b).   
 High-field-strength elements such as Zr, Nb, Hf, Y, Th, and U are preferentially 
partitioned into melts during crystallization (Feng and Kerrich 1990), and as a result, 
these elements are enriched in felsic rather than mafic rocks. Additionally, they are 
thought to reflect provenance compositions as a consequence of their generally immobile 
behavior (Taylor and McLennan 1985). These elements are concentrated in zircon and 
monazite. The former is considered an ultrastable mineral, and the latter is a moderately 
stable mineral, during sediment transport and weathering (Hietpas et al., 2010). The high 
concentration of these elements in the Ocoee sediments is due to the high detrital zircon 
content of the Ocoee sediments (Chapter 2), which in turn results from the high Zr and 
zircon content of Grenville magmatic source rocks (Moecher and Samson, 2006). The 
higher contents of Th, U, La, Zr, Y and U in the samples (Fig. 4.11) also are consistent 
with a felsic source with a high concentration of these elements. The depletion of Nb in 
all groups of sandstones could be related to the size variation of ilmenite and rutile 
(Armstrong et al., 2003). The compositions of the basement orthogneisses and the 
Neoproterozoic Ocoee sediments on a Pearce et al. (1984) diagram (Fig. 4.13) and 
Whalen et al. (1987) diagram (Fig. 4.12) are matched perfectly and indicate that 
Grenville basement rocks are likely sources of the Ocoee sediments.   
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Table 4.1- Major (wt%) and trace element (ppm) analyses and calculated chemical 
indices of the Neoproterozoic Ocoee Formations. 
 
 
Note- PM05-1 & PM05-5 (samples from Clemons and Moecher, 2009). 
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Table 4.1- continued 
 
 
Note- Pg- Pigeon Formation, RF- Roaring Fork Formation, WB- Wading Branch 
Formation, La- Longarm Formation, Th- Thunderhead Formation. 
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Figure 4.1. Geochemical classification of Ocoee sandstones and siltstones using log (SiO2 
/ Al2O3) vs. log (Fe2O3 / K2 O) diagram (after Herron 1988). 
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Figure 4.3. AFM diagram for Ocoee sediments showing calc-alkaline trend. 
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Figure 4.4. Tectonic discrimination diagram of Ocoee sandstones and siltstones after 
Roser and Korsch (1986). 
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Figure 4.5. CIPW normative Quartz- Alkali Feldspar- Plagioclase ternary diagram of the 
Ocoee sediments. Field names are same as Figure 2.38. 
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Figure 4.6. Orthoclase-Albite-Anorthite CIPW normative ternary diagram of the Ocoee 
sediments. 
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Figure 4.7. SiO2 (wt%) vs CIA diagram showing the CIA values of Ocoee sediments and 
the mean CIA value of the Grenville basement orthogneisses. Error bar is ± 1 standard 
deviation. 
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Figure 4.8. SiO2 (wt%) vs PIA diagram showing the PIA values of Ocoee sediments and 
the mean PIA value of the Grenville basement orthogneisses. Error bar is ± 1 standard 
deviation. 
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Figure 4.9. SiO2 (wt%) vs WIP diagram showing the WIP values of Ocoee sediments and 
the mean WIP value of the Grenville basement orthogneisses. Error bar is ± 1 standard 
deviation. 
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Figure 4.10. Trace element variation diagrams (with respect to SiO2 wt%) of the Ocoee 
sediments. 
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Figure 4.11. Multi-element normalized diagram for Ocoee sandstones and siltstones 
normalized against average upper continental crust (Taylor and McLennan 1985). Error 
bar is ± 1 standard deviation. 
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Figure 4.12. Plot of 10
4
×Ga/Al vs. Zr (ppm) for Ocoee sediments and basement 
orthogneisses. Compositional field for A, I, S, and M-type granites compiled from 
Whalen et al. (1987). 
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Figure 4.13. Y + Nb (ppm) vs Rb (ppm) diagram for the Ocoee sediments and basement 
orthogneisses, diagram modified after Pearce et al. (1984).  
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Figure 4.14. CIA ternary diagram, Al2O3 — CaO* + Na2O —K2O, after Nesbitt and 
Young (1982) (CaO* = CaO in silicate phase) showing Neoproterozoic Ocoee sandstones 
and siltstones, average Grenville granite used for this study, as well as various other 
average compositions (from Condie, 1993) are also listed. 
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Figure 4.15. (A) CIPW normative Quartz- Alkali Feldspar- Plagioclase ternary diagram 
of the Grenville basement granitic rock. (B) CIPW normative Quartz- Alkali Feldspar- 
Plagioclase ternary diagram of the Ocoee sediments. 
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Chapter 5 
Heavy Mineral Analysis 
 
Introduction 
 Heavy mineral analysis is one of most sensitive and widely used tools in the 
determination of sandstone provenance. Detrital heavy minerals can provide important 
provenance information that complements modal analysis of sandstones (Morton, 1985; 
Mange and Morton, 2007; Von Eynatten and Gaupp, 1999). For relatively proximal 
synorogenic sediments, which are typically eroded prior to extensive weathering, 
transported over relatively brief intervals, and deposited rapidly, heavy mineral 
assemblages may closely reflect the petrology of source area complexes. One of the main 
strengths of this analysis is the variety of heavy minerals found in sandstones (Morton 
and Hallsworth, 1999). Some have very specific and restrictive paragenesis, and 
therefore, provide crucial provenance information which cannot be obtained by other 
means. Furthermore, chemical analysis by electron microprobe of individual heavy 
minerals can provide additional constraints on provenance and physical-chemical 
conditions during crystallization of source rocks, beyond simply modes of heavy 
minerals.    
 In this study, quantitative and semi-quantitative analyses of heavy minerals from 
the Neoproterozoic sandstones (Ocoee Supergroup) were performed. ZTR indexes (see 
Chapter 1 for definition) were calculated for the Pigeon, Roaring Fork, Longarm, Wading 
Branch, and Thunderhead Formations. According to Morton (1985 and 1991), calculation 
of ZTR index and determination of provenance only work perfectly with sandstone; 
therefore, for this research only the ZTR indexes of Roaring Fork, Wading Branch and 
Thunderhead are considered. Detrital titanite grains were also analyzed using electron 
microprobe to determine the provenance of these sediments. 
Analytical Methods 
 Two hundred gm of each sample were crushed to disaggregate the sandstone into 
discrete mineral grains. After crushing, samples were cleaned with water to remove 
organic matter and rock flour. Samples were dried in an oven at 50ºC for two hours and 
sieved with 250 µm and 100 µm mesh cloths. Grain sizes between 250 µm and 100 µm 
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are ideal for detrital heavy mineral analysis. Dried and sieved samples were processed 
with bromoform (CHBr3), and using gravity separation techniques, any minerals with 
specific gravity less than 2.89 were separated from the rest of the samples. Only fine 
grain rock samples were centrifuged using bromoform for accurate separation. After 
centrifuge those samples were frozen using liquid nitrogen to separate from the remaining 
bromoform. Then bromoform treated samples were cleaned with deionized water and 
acetone. By grouping the heavy minerals into different fractions on the basis of magnetic 
susceptibility, their identification was facilitated. According to researchers (Schluger, 
1976; Uddin et al., 2007 etc.), the 0.25-A magnetic group at side slope 20º separates out 
biotite, magnetite and ilmenite and 0.5-A magnetic group separates out garnet, olivine, 
chromite, and chloritoid. The 1.0-A magnetic group at slide slope 20º separates out 
hornblende, hypersthene, augite, actinolite, staurolite, epidote, chlorite, and tourmaline. 
The 1.5-A magnetic group at slide slope 20º separates out diopside, tremolite, enstatite, 
spinel, staurolite (light), muscovite, zoisite, clinozoisite, tourmaline, titanite, leucoxene, 
andalusite, monazite, and xenotime. The non-magnetic fraction includes zircon, apatite, 
rutile, anatase, brookite, pyrite, corundum, topaz, fluorite, kyanite, sillimanite, anhydrite, 
and beryl (Hess, 1966). For heavy mineral analysis, each magnetic group was stored 
separately in small petri dishes for further analysis and identification. For detrital zircon 
analysis (Chapter-6), only the 1.5-A non magnetic group was further processed using 
methylene iodine (MEI) to separate zircon from the remainder of the heavy minerals, 
especially from apatite.   
 Slide mounts were prepared for each sample by mixing individual magnetically 
separated groups in the same proportion. Nine mounts were prepared for nine individual 
samples (2 samples each for Snowbird Group and 1 for Thunderhead Formation). The 
mounts were 1” in diameter and were polished using 0.3 µm alumina paste. Thereafter, 
mounts were carbon coated and analyzed with an electron microprobe to identify 
individual minerals. Energy dispersive spectrometry (EDS) analysis of 300 grains was 
carried out for each mount and ten different non opaque heavy mineral species were 
identified. The ZTR index was calculated for each sample after the identification of 
individual mineral species. 
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 For quantitative analysis of detrital titanite, both mineral mounts and polished thin 
section slides of individual rock samples were used. Analytical details and methods for 
electron microprobe analysis were discussed in Chapter-3.  
Results  
ZTR Index and Heavy Minerals Assemblage  
Heavy mineral weight percentages in the Neoproterozoic Ocoee Supergroup 
range from negligible to ~2.5%. In the Snowbird Group samples, the heavy mineral 
weight percentages varies from ~1.1 to 2.5%; and in Thunderhead Formation, the heavy 
mineral weight percentage ranges from negligible to ~ 1%. Opaque minerals dominate in 
the Neoproterozoic Ocoee Supergroup. Opaque minerals consist of ilmenite, magnetite, 
and pyrite and consist of ~30 to 35 vol% of the total heavy mineral assemblage. For ZTR 
index calculation and sandstone provenance analysis, only non-opaque minerals were 
considered for semiquantitative analysis. Non-opaque heavy minerals in the Snowbird 
Group and in the Great Smoky Group are biotite, epidote, apatite, titanite, zircon, 
chlorite, rutile, monazite, tourmaline, and hornblende (Table 5.1 and Fig. 5.1). No garnet 
was found in the Neoproterozoic Ocoee heavy mineral suit. The assemblages are 
relatively consistent throughout the Snowbird Group and the Great Smoky Group.  
Among the ultra-stable heavy minerals, zircon is more abundant than tourmaline 
and rutile throughout the Ocoee succession. The ZTR index ranges from 31 to 35 in the 
Snowbird Group (Fig. 5.2). For the Roaring Fork Formation, Wading Branch Formation 
and the Thunderhead Formation the ZTR indexes are 35, 33 and 33 respectively (Fig. 
5.2) with a standard deviation of 1.  
Heavy mineral assemblage of the Snowbird Group and the Thunderhead 
Formation revealed that epidote, apatite and zircon are the dominant non-opaque heavy 
minerals in these rocks. Titanite concentration varies from 12 to 17 vol% throughout the 
successions. Tourmaline, rutile and monazite are the least abundant heavy minerals in the 
Neoproterozoic Ocoee sediments.  
Titanite Mineral Chemistry 
 Seventy-four grains of titanite were analyzed using electron microprobe from 5 
different samples of the Neoproterozoic Ocoee Supergroup. One sample was selected 
from each formation (Pigeon, Roaring Fork, Longarm, Wading Branch and 
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Thunderhead). The Pigeon and Roaring Fork Formation samples were polished thin 
sections and Wading Branch, Longarm and Thunderhead samples were 1” diameter 
epoxy grain mounts. Representative analyses of the titanite mineral chemistry is 
presented in Table 5.2.  
 Titanite grains appear homogenous in transmitted light and BSE images (Fig. 
5.3). Quantitative analyses of core and rim were performed to test homogeneity. Core and 
rim compositions are similar (Table 5.3).  
 Two types of titanite grain shapes were observed in these 5 samples. (1) Euhedral 
to subhedral grains with brown color and numerous micro cracks (Fig. 5.4) and (2) 
angular to sub-rounded clear grains and no cracks (Fig. 5.5). In thin section, the (2) type 
of grains appear with metamorphic biotite and muscovite. None of the varieties show any 
overgrowth on those grains.  
 The composition of the brown titanite is different than the colorless titanite. 
Concentrations of Ti and Fe are higher in brown titanite grains compared to the colorless 
titanite grains, whereas Al was higher in colorless titanite grains. According to Seifert 
(2005), igneous titanite grains are dominated by Fe
3+
 and REE. The presence of excess 
Fe
3+
 causes the brown color in those titanite grains. On the other hand, metamorphic 
titanite grains are more dominated by Al
3+
 and depleted in Fe
3+
 and REE. Occasionally 
the Fe
3+
 concentration in those metamorphic titanite grains is below 1 wt%. This 
depletion of Fe
3+
 causes the absence of color in those metamorphic titanite grains. Fe 
cations vs Al cations were plotted on a titanite discrimination plot (Fig. 5.6) (after 
Kowallis et al., 1997), revealing that titanite grains plot mainly in the igneous field, with 
a few grains plotting in the metamorphic field.  
Discussion 
 ZTR index is a maturity index based on the ratio of zircon + tourmaline + rutile to 
the other transparent non-opaque minerals (Hubert, 1962). The index is predicated on the 
assumption that zircon, tourmaline and rutile are very resistant minerals and tend to be 
concentrated by cycles of erosion and deposition. Therefore, a very mature sedimentary 
rock might have a ZTR index of 80 or greater. Through this method, a researcher can 
determine whether the sediments were derived from an igneous terrane or metamorphic 
terrane or from recycled sediment. According to McGrail (1977), a contiguous 
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sedimentary source should have ZTR of 70 or higher; sediment adjacent to a 
metamorphic source should have ZTR of 50 or higher. For most first cycle, immature 
sediments from an igneous source, ZTR index ranges from 20 to 40 (Uddin et al., 2007). 
 The Ocoee Supergroup has a very consistent ZTR index ranging from 33 to 35 
(Table 5.1). There is no significant difference between the ZTR index values of the 
Snowbird Group and the Thunderhead Formation. The low ZTR index values clearly 
indicate immaturity of the sediments, as well as an igneous origin of these sediments. The 
high zircon concentration in these sediments can be explained by high zircon fertility of 
the adjacent Grenville basement gneissic rocks.  
The uniform values of the ZTR index and consistency of the apatite distribution 
(20-26) (Table 5.1) suggest that there was a single petrologic province supplying the 
sediment to the Ocoee basin throughout its history. The relatively low diversity and high 
chemical stability of assemblages in the Ocoee Supergroup also indicate a homogenous 
and localized source.   
The titanite discrimination diagram (Fig. 5.6) of Kowallis et al. (1997) clearly 
differentiates two different varieties of detrital titanite in these sediments. That is also 
evident in petrographic observations. The brown colored titanite shows high Fe
3+
 / Al
3+
 
ratios compared to clear titanite. The Kowallis diagram (Fig. 5.6) shows that high Fe
3+
 / 
Al
3+
 value titanite grains plot in the field of igneous rock and low Fe
3+
 / Al
3+ 
value titanite 
grains plot in the field of metamorphic rock. It is also evident that most of the high ratios 
Fe
3+
 / Al
3+ 
titanite grains plot in the field of granitic rock. The subrounded to rounded, 
clear titanite grains plot in the field of metamorphic rock (Fig. 5.6); in thin section, they 
are seen to be associated with metamorphic mica; suggesting that the clear titanite grains 
are of metamorphic origin. The presence of igneous titanite grains in the Neoproterozoic 
Ocoee sediments is consistent with an igneous origin for these sediments.  
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Table 5.1. Volumetric distribution of non-opaque heavy minerals in the Neoproterozoic 
Ocoee Supergroup. 
 
 
Formations PG Fm RF Fm LA Fm WB Fm TH Fm 
Number of Samples 
 
N = 2 N = 2 N = 2 N = 2 N = 1 
Zircon 23 25 21 24 24 
Tourmaline 8 7 6 7 8 
Rutile 2 2 3 2 1 
ZTR index* 33 35 31 33 33 
Epidote 23 23 18 23 21 
Apatite 24 22 26 20 22 
Titanite 14 15 17 14 12 
Monazite 1 1 2 1 1 
Chlorite 1 2 1 1 2 
Biotite 2 2 2 5 5 
Muscovite 2 2 3 3 4 
 
PG Fm = Pigeon Formation, RF Fm = Roaring Fork Formation, LA Fm = Longarm 
Formation, WB Fm = Wading Branch Formation, TH Fm = Thunderhead Formation. 
ZTR index
*
 = zircon + tourmaline + rutile.  
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Fig. 5.1. Photomicrograph of heavy minerals in Roaring Fork sandstone showing zircon 
(Zr), tourmaline (Tur), ilmenite (Ilm) (opaque), epidote (Ep), titanite (Ttn) and rutile (Rt) 
grains. 
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Figure 5.2. Abundance of heavy minerals in three Ocoee formations shown as 
percentages of non-opaque heavy minerals. ZTR = sum of zircon, tourmaline, and rutile. 
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Figure 5.3. Back scattered image of detrital titanite showing no chemical zoning in the 
grain. 
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Figure 5.4. Subhedral grain of detrital titanite present in Pigeon Formation. 
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Figure 5.5. Subrounded grains of titanite showing their distribution within metamorphic 
mica in Pigeon Formation. 
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Chapter 6 
Zircon Geochronology 
 
Methods 
 Eleven samples from the Ocoee Supergroup were processed for zircon separation 
for the purpose of detrital zircon U-Pb geochronology: two samples each of the Wading 
Branch and Pigeon Formations, three samples each of the Longarm and Roaring Fork 
Formations and one sample of the Thunderhead Formation. One sample of basement 
orthogneiss was also processed in order to compare detrital ages with the ages of a 
potential source rock. Zircon was separated using conventional magnetic and heavy 
liquid separation techniques. After separation, detrital zircon grains were mounted in 1” 
diameter epoxy plugs, ground and polished to half thickness. The detrital zircon grains 
were analyzed by Laser-Ablation Multicollector Inductively Coupled Plasma Mass 
Spectrometry (LA-MC-ICPMS) at the University of Arizona Laserchron facility. Optical 
photomicrographs and cathodoluminescence (CL) images were taken to map and select 
least fractured and inclusion free zircon grains for the analysis (Fig. 6.1). One hundred 
detrital zircon grains were analyzed for each sample. However, all different sizes and 
shapes of zircon were considered for analysis to obtain an unbiased sample of the 
sandstone provenance (Fig. 6.1). Selecting grains by shape, size, clarity or zoning might 
result in unrepresentative age distribution and omit grains of a particular age. Analyzed 
grains were re-imaged (via secondary electron imaging) with a Cameca SX-50 electron 
microprobe to confirm the location and dimensions of analytical spots (Fig. 6.2). Isotopic 
ratios are reduced and plotted using Isoplot (Ludwig, 2003). 
Instrumental Methods 
For the detrital zircon analysis, a New Wave/Lambda Physik DUV193 Excimer 
laser was used with 25 to 15 micron beam diameter and a pit depth of ~15 micron. U, Th 
and Pb concentrations and isotope ratios were measured simultaneously by LA-MC-
ICPMS using a GVI Isoprobe. Each analysis consists of one 12-second integration on 
peak with the laser off (for backgrounds), 12 one-second integrations with the laser 
firing, and a 30 second delay to purge the previous sample and prepare for the next 
analysis. Common Pb correction was achieved using the Stacey and Kramers (1975) 
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initial Pb composition. Large Sri Lankan zircon grains with known ages (564 Ma) were 
used as standard grains to calculate the Pb fractionation in the unknown grains. The best 
ages for the detrital zircon grains were based on 
206
Pb/ 
238
U ratios for <1000 Ma grains 
and on 
206
Pb/ 
207
Pb for >1000 Ma grains (Ireland 1992). The resulting ages were then 
plotted on Concordia diagrams and age probability diagrams using Isoplot (Ludwig, 
2003).  
Results 
Thunderhead Formation 
Sample- TH07-2. The detrital zircon grains range between 35 and 50 µm in longest 
dimension. The majority of the zircon grains are clear and euhedral in nature; however, a 
few angular and rounded zircon grains were also observed. The euhedral grains vary 
widely in their size and shape. The dominant euhedral zircon grains show well developed 
{101} pyramidal crystal forms (according to Pupin classification), and the rest show 
{100} prismatic crystal forms (Fig. 6.3a). Angular, incomplete and broken crystal forms 
are commonly observed (Fig. 6.3b). Oscillatory zoning is very common in those 
euhedral, angular and subangular grains. Subrounded to equant and round shaped zircon 
grains (Fig. 6.3c) constitute 1-2 (vol%) of the population. The equant and round shaped 
zircon grains are mostly dark in color and show localized intermediate resorption. 
Ninety-five percent of the ages analyzed from sample TH07-2 are concordant (Fig. 6.4).  
The age spectrum is dominated by Grenville ages (1000 - 1400 Ma) (Table-6.1 
and Appendix 3.1). The main peaks within this age range are at 1080 ± 10 Ma (n = 13), 
1100 ± 5 Ma (n = 8), and 1200 ± 20 Ma (n = 16) (1 σ error value). There are a few ages 
for single zircon grains at 1420, 1460 and 1500 Ma. A few single detrital zircon grains of 
Paleoproterozoic and Neoproterozoic ages were also obtained (1800, 1840 and 2020 Ma; 
840 and 960 Ma). A Th/U vs. age distribution does not show any trend with age. The 
relative high value of Th/U (> 0.1) is generally indicative of a magmatic origin 
(McLennan et al., 2001) (Fig. 6.5). Most of the equant and round shaped, dark colored 
zircon grains record the lowest Th/U (< 0.1) values, indicative of a metamorphic source 
(McLennan et al., 2001).  
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Pigeon Formation 
Samples- WAT08-2A and WAT08-1. Two hundred detrital zircon grains for two Pigeon 
siltstone samples were analyzed (Table-6.2 and Appendix 3.2). The grains analyzed range 
in size from 15 to 25 µm, although some detrital zircon grains in the Pigeon are as small 
as <10 µm. The latter were not analyzed because of the size of the laser beam (15 µm). 
The zircons grains are either clear or pale purple in color, and are euhedral to spherical 
shape. Two very distinct crystal forms were observed among the euhedral grains: {101} 
and {100} (Fig. 6.6a). {110} prismatic crystal forms are also present. Oscillatory zoning 
is common in those grains. Angular and incomplete crystal forms were common; 
although concentration of equant and rounded zircon grains are much higher than the 
Thunderhead Formation (Fig. 6.6b). The rounded / equant shaped zircon grains were 
darker in color and show moderate to high resorption texture (Fig. 6.6c). Some of those 
equant and round shaped grains show recrystallization. Ninety-five percent of the 
analyzed ages are concordant and within the age range of 1000 to 1380 Ma (Fig. 6.7). 
Age modes are at 1040 ± 11 Ma (n = 16), 1080 ± 6 Ma (n = 18), 1100 ± 5 Ma (n = 16) 
and 1180 ± 12 Ma (n = 21). There are a few Paleoproterozoic (1600 to 1780 Ma) and 
Neoproterozoic ages (706 to 929 Ma). Th/U values are generally typical of magmatic 
values (> 0.1) but more are metamorphic compared to the Thunderhead Formation (Fig. 
6.8). The abundant equant shaped zircons have very low Th/U value (< 0.1).  
Roaring Fork Formation 
Samples-GBP04-7, GBP04-20 and GBP05-19. Three hundred zircon grains were 
analyzed from the Roaring Fork Formation (Table-6.3 and Appendix 3.3). The detrital 
zircons range in size from 25 to 35 µm. The majority of the detrital zircon grains are 
purple in color with a few clear and dark grains, and exhibit variable shapes. The 
majority of the euhedral grains have well developed {101} pyramidal crystal (Fig. 6.9a); 
some had {100} and {110} forms (Fig. 6.9b). Angular zircon grains are quite dominant in 
these samples along with equant or rounded zircon. Equant or round shaped zircon grains 
are black in color and show resorption textures. The abundance of equant shaped zircon 
in Roaring Fork Formation is approximately the same as the Pigeon Formation (~5 
vol%).  The major age peaks are 1060 ± 23 (n = 24), 1080 ± 18 (n = 24), 1100 ± 32 (n = 
26), and 1140 ± 11 (n = 30) Ma (Fig. 6.10). The age modes for these zircon grains are 
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similar to those of the Pigeon Formation. Several early Mesoproterozoic age modes 
(1400 ± 16 to 1560 ± 18 Ma) were also observed (Fig. 6.10). There are individual grains 
exhibiting Paleoproterozoic ages (1620 ± 19 to 1860 ± 23 Ma). A few detrital zircon 
grains showed Neoproterozoic ages between 730 ± 21 Ma and 984 ± 11 Ma. Th/U ratios 
were mostly indicative of magmatic origin (Fig. 6.11) for these zircon gains.  
Longarm Formation 
Samples- WAT08-3-2A, WAT08-4A and CCK08-5. Three hundred grains were analyzed 
for the Longarm Formation (Table-6.4 and Appendix 3.4). The size of detrital zircon in 
the Longarm ranges from 15 µm to 50 µm. The grains were euhedral to subangular in 
shape. Most of the zircon grains are clear, with some dark colored grains. The coarser 
euhedral grains show well developed {100} prismatic crystal forms (Fig. 6.12a). 
Moderate and finer euhedral grains show well developed {101} and {211} crystal form 
(Fig. 6.12b). Xenocrystic cores were often found in those euhedral zircon grains. 
Angular, incomplete and broken crystal forms were also observed. Resorbed rounded or 
equant shaped zircon grains are rare. The main age groups derived from these zircons are 
1020, 1040, 1060 Ma (n = 29); 1140 (n = 26) and 1180 Ma (n = 27) (Fig. 6.13). There 
were a few Paleoproterozoic grains of 1640 ± 5 Ma, 1680 ± 10 Ma, 1740 ± 8 and 1860 ± 
11 Ma recorded. Three detrital zircon grains had Neoproterozoic ages between 885 ± 17 
Ma and 956 ± 15 Ma. High Th/U ratios for these zircons are indicative of magmatic 
origin (Fig. 6.14).  
Wading Branch Formation 
Samples- CCK08-9A and CCK08-12. Two hundred grains of zircon were analyzed for the 
basal Wading Branch Formation (Table-6.5 and Appendix 3.5). The zircons are euhedral 
to round in shape and white to pale purple in color. The {100} and {101} crystal forms 
are dominant in the Wading Branch Formation (Fig. 6.15a); however, subhedral and 
angular zircon grains are also present in this population (Fig. 6.15b). Equant and rounded 
resorbed grains are nearly missing in this formation. The ages are dominantly 
Mesoproterozoic (Fig. 6.16) with age modes at 1040 ± 5 Ma, 1060 ± 18 Ma, 1080 ± 10 
Ma and 1160 ± 11 Ma. Among all of the analyzed zircons more than 95% of the analyses 
are concordant and have very small errors. There are a few Paleoproterozoic ages 
between 1680 ± 10 and 1952 ± 18 Ma. Rare Neoproterozoic ages of 639 ± 8 MA and 736 
122
± 10 Ma are present. The former age is the youngest obtained for the Neoproterozoic 
Ocoee Supergroup. The high Th/U ratios (Fig. 6.17) are indicative of a magmatic origin.  
Basement Orthogneiss 
Sample FC08-2.  Only one sample was analyzed for this rock type (Fig. 6.18 and Table-
6.6). Samples of Blue Ridge basement orthogneisses were also analyzed by Southworth 
(2005), Aleinikoff et al. (2006), Loughry (2010) and Anderson (pers. comm.). The zircon 
grains of this rock sample are generally euhedral in shape and mostly clear in color, but a 
few zircons grains are darker in color and rounded. The euhedral grains are mostly {100} 
and {101} crystal forms (Fig. 6.19); however, few angular, incomplete and rounded 
grains were also observed. The rounded or equant shaped grains are mostly darker in 
color and showed resorption texture. More than 95% of the analyzed data are concordant 
(Fig. 6.20). A wide range of ages is obtained for this single sample. Age groups are at 
1000 ± 10 Ma (n = 27) and 1040 ± 8 Ma (n = 15). Th/U ratios (Fig. 6.21) indicate that 
85% of the analyzed zircon grains are magmatic in origin and 15% are metamorphic; 
however, the age range for the metamorphic zircon is very similar with the age range of 
the magmatic zircon. The Th/U vs. age distribution diagram does not show any trend with 
age for this rock (Fig. 6.21). However, most of the resorbed grains have low Th/U values 
(< 0.1) and are analogous to metamorphic origin.  
 Loughry (2010) analyzed few samples of the basement orthogneisses for U/Pb 
zircon geochronology using Cameca 1270 ion microprobe and found ~1500 Ma to ~1400 
Ma ages (Fig. 6.22). These ages from Loughry (2010) show close match with the ages 
derived from the analyzed basement orthogneiss (Table 6.6). 
Discussion 
 U / Pb detrital zircon geochronology for all of the analyzed Ocoee samples clearly 
shows the dominance of Mesoproterozoic ages that overlap the range of ages obtained for 
the basement orthogneiss of this study and ages of Loughry (2010). All Grenville ages 
displayed by the Ocoee sediments (Fig. 6.23) are present in a single basement rock 
sample. Therefore, the range of age modes in Ocoee sediments did not imply several 
source lithologies of varying age. The Ocoee zircons could be derived from a single 
restricted or localized lithology with a protracted and complex magmatic and 
metamorphic history.  
123
The youngest ages for Ocoee detrital zircon (639 ± 8 Ma to 800 ± 25 Ma) are 
similar to the ages of rocks defining rift-related bimodal magmatism in the southern Blue 
Ridge of Virginia and North Carolina (Aleinikoff et al., 2006), implying a component of 
detritus derived from rift-related rocks. The youngest age is for a zircon in the basal 
Wading Branch Formation, which unconformably overlies Grenville basement. This 
grain defines the maximum age of the Ocoee Supergroup at 639 ± 8 Ma. 
No Archean aged zircons were observed in the Ocoee Supergroup; however, a 
small amount of early Mesoproterozoic and Paleoproterozoic zircon age modes are 
common in the Ocoee sediments. According to Bream et al. (2004) the sources for these 
pre-Grenville zircon grains are Laurentian granite and rhyolite. The other possibility to 
explain these older age zircon grains in Grenville basement orthogneiss is zircon 
xenocrysts.  
The cause and the degree of the Th/U variation in magmatic vs. metamorphic 
zircon is uncertain. A possible source of Th/U variation is the contemporaneous 
crystallization of zircon and Th- and/or U-rich minerals (monazite) leading to local 
geochemical disequilibrium and associated replenishment effects in the parental magma 
bodies (Heaman et al., 1990). The general low abundance of monazite in the heavy 
mineral suite would allow zircon to preferentially partition Th in the magmatic source 
rocks. Most of detrital zircon grains from the Ocoee Supergroup show very high Th/U 
value, a clear indication of magmatic origin. Zircon grains with high Th/U value are 
mostly euhedral in shape and purple to clear in color. The equant shaped dark zircon 
gains show low Th/U value and indicat a metamorphic origin. The resorption textures in 
those grains also support the metamorphic origin; however, the equant shaped zircon 
grains are rare within all samples (< 5 vol%). Therefore, on the basis of the high Th/U 
ratio, the majority of detrital zircon is inferred to be magmatic.  
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Figure 6.1. Representative cathodoluminescence images (CL) of detrital zircon grains 
from the Pigeon Formation showing typical size, shape and zoning.  
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Figure 6.2. Secondary electron (SE) images showing locations and dimensions of 
analytical spots in zircon grains from basement orthogneiss.  
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Figure 6.3. A. Distribution of detrital zircons with {101} and {100} crystal forms in the 
Thunderhead Formation. B. Distribution of detrital zircons with angular, broken and 
incomplete crystal forms in the Thunderhead Formation. C. Distribution of detrital 
zircons with soccer ball shaped resorbed crystal forms in the Thunderhead Formation.  
 
133
2000
1600
1200
800
400
0.0
0.1
0.2
0.3
0.4
0 2 4 6 8
207
Pb/
235
U
2
0
6
P
b
/2
3
8
U
35
30
25
20
15
10
5
0
400 600 800 1000 1200 1400 1600 1800 2000 2200
Thunderhead
(n = 100)
Age (Ma)
N
u
m
b
e
r
o
f
A
g
e
s
 
Figure. 6.4. Concordia diagram for detrital zircon in the Thunderhead sandstone. Inset 
diagram shows a histogram of the age-frequency distribution.   
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Figure 6.5. Th/U vs. age diagram of the detrital zircon of the Thunderhead Formation. 
The dashed line is indicative of the nature of the detrital zircon (metamorphic vs. 
magmatic). Zircon with Th/U > 0.1 (above the dash line) is considered magmatic zircon 
(McLennan et al., 2001).  
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Figure 6.6. A. Distribution of detrital zircons with {101} and {100} crystal forms in the 
Pigeon Formation. B. Distribution of detrital zircons with angular, broken and soccer ball 
crystal forms in the Pigeon Formation. C. Distribution of detrital zircons with soccer ball 
shaped resorbed crystal forms in the Thunderhead Formation. 
135
1600
1200
800
400
0.0
0.1
0.2
0.3
0.4
0 2 4 6 8
207
Pb/
235
U
2000
2
0
6
P
b
/2
3
8
U 35
30
25
20
15
10
5
0
400 600 800 1000 1200 1400 1600 1800 2000 2200
Age (Ma)
Pigeon
(n = 200)
N
u
m
b
e
r
o
f
A
g
e
s
 
Figure 6.7. Concordia diagram for detrital zircon in the Pigeon siltstone. Inset diagram 
shows the age-frequency distribution.   
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Figure 6.8. Th/U vs. age diagram for detrital zircon in the Pigeon Formation.  
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Figure 6.9. Distribution of detrital zircons with {101} and {100} crystal forms in the 
Roaring Fork Formation. 
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Figure 6.10. Concordia diagram for detrital zircon in the Roaring Fork sandstone. Inset 
diagram shows the age-frequency distribution.   
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Figure 6.11. Th/U vs. age diagram for the detrital zircon in the Roaring Fork sandstone. 
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Figure 6.12. Distribution of detrital zircons with {100}, {101}, and {211} crystal forms 
in the Longarm Formation. 
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Figure 6.13. Concordia diagram for detrital zircon in the Longarm quartzite. Inset 
diagram shows a histogram of the age-frequency distribution.   
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Figure 6.14. Th/U vs. age diagram for detrital zircon in the Longarm quartzite. 
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Figure. 6.15. A. Distribution of detrital zircons with {101} and {100} crystal forms in the 
Wading Branch Formation. B. Distribution of detrital zircons with angular, broken and 
soccer ball crystal forms in the Wading Branch Formation. 
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Figure 6.16. Concordia diagram for detrital zircon in the Wading Branch sandstone. Inset 
diagram shows the age-frequency diagram of the same. 
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Figure 6.17. Th/U vs. age diagram of the detrital zircon in the Wading Branch sandstone. 
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Figure 6.18. Hand specimen of the analyzed Basement orthogneiss. Sample No.- FC08-2. 
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Figure 6.19. Distribution of zircon with {101} and {100} crystal forms in the basement 
orthogneiss. 
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Figure 6.20. Concordia diagram for zircon in the basement orthogneiss. Inset diagram 
shows the age-frequency diagram. 
 
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
2.2
2.4
2.6
0 500 1000 1500 2000 2500
Age (Ma)
T
h
/U
 
Figure 6.21. Th/U vs. age diagram for zircon in the basement orthogneiss. 
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Figure 6.22. . Probability density distribution diagram for the basement orthogneiss from 
Loughry (2010). 
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Figure 6.23. Probability density distribution diagram for the entire Ocoee Supergroup.  
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Chapter 7 
Summary and Conclusions 
 
 Siltstones and sandstones of the Neoproterozoic Ocoee Supergroup in the eastern 
Great Smoky Mountains were examined with several modern analytical approaches to 
test the hypothesis that local Mesoproterozoic Grenville terrane basement rocks were the 
dominant source of clastic detritus filling the Ocoee rift basin. A Local source for the 
Ocoee is a long standing proposal (Hadley and Goldsmith, 1963) that is generally taken 
for granted (e.g., Rast and Kohles, 1986). Grenville basement is an obvious immediate 
source given the mineralogic (feldspathic), textural (angularity, poor sorting), and 
chemical immaturity of sediments. These features are apparent at the outcrop to thin 
section scale. However, there has never been a modern systematic petrologic and 
geochemical analysis performed to provide quantitative constraints to properly test the 
hypothesis of local Grenville basement sourcing. This dissertation is a first attempt to 
generate the data necessary for determining Ocoee sedimentary provenance. 
Sandstone petrography revealed that the sediments are arkosic to subarkosic and 
dominated by alkali feldspar compared to plagioclase. Tectonic discrimination diagrams 
support the inference that Ocoee silts and sands were deposited in a basement uplift to 
transitional continental setting with a granitic to alkali feldspar granite source.  
Electron microprobe chemical analysis revealed that detrital alkali feldspar is 
relatively restricted in composition (up to 10 mole % albite component) and that detrital 
plagioclase is either strongly albitic (0-10 mole % anorthite) or moderately calcic. The 
detrital alkali feldspar and albitic plagioclase compositions closely match the range of 
feldspar compositions in local basement orthogneisses, although the latter are much more 
heterogeneous within a single sample and among the various samples analyzed. 
Furthermore, the basement samples analyzed for this study do not represent a random or 
area weighted average of potential source lithologies. One small map unit with very 
calcic plagioclase (up to An46) was found to bias the basement sample compositional 
distribution toward relatively calcic compositions. No plagioclase this calcic was found in 
Ocoee samples.   
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The possibility that the relatively restricted range of albitic detrital plagioclase 
compositions could result from diagenetic or metamorphic albitization (CaAl – NaSi 
exchange) was considered and evaluated through assessment of homogeneity of 
individual clasts, the distribution of feldspar compositions within single samples, and by 
imaging. Albitization was eliminated as the explanation for the abundance of albite-rich 
plagioclase, which also is very common in basement rocks. 
Whole rock major element geochemistry indicates only minor alteration via 
weathering or diagenesis of sediment chemistry compared to potential basement sources, 
and most samples have the chemical signature of first cycle immature clastic sediments. 
Major and trace element compositions are consistent with an A-type within-plate granite 
source, which is the same signature exhibited by adjacent basement orthogneisses. This 
further supports the inference that adjacent basement rocks were the source for the Ocoee 
sediments. 
Heavy mineral abundances (dominantly high zircon, titanite, and apatite) and 
ZTR indexes of Roaring Fork, Wading Branch, and Thunderhead Formations are 
remarkably similar. The homogeneity of type and abundance of detrital heavy minerals 
are consistent with derivation of the sediments from a single proximal source. High Fe 
and low Al
 
contents of detrital titanite are consistent with a granitic igneous source. 
Metamorphic titanite grains found in these rocks were likely produced by greenschist 
facies Taconian metamorphism. The rarity of detrital monazite in the samples studied 
here is striking, compared to the abundance of detrital zircon. Apparently Grenville 
magmatic rocks are as monazite infertile as they are zircon fertile. In contrast to the 
Grenville igneous rocks, monazite is extremely abundant in modern French Broad River 
alluvium (Hietpas et al. 2010). This monazite is supplied primarily from garnet to 
sillimanite grade Great Smoky group metasedimentary rocks (Moecher et al., in review). 
The lack of monazite, which preferentially partitions Th, in the Grenville igneous rocks 
would account for the relatively high Th/U in detrital zircon determined for Grenville 
igneous sources. 
The absence of detrital garnet is also an important negative constraint on 
provenance of Ocoee sediments. The Grenville orogen is commonly described as a 
magmatic and high-grade metamorphic terrane. Garnet-bearing meta-igneous and 
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metasedimentary rocks are widespread in the Adirondacks and Ontario. Although 
granulite facies Grenville orthogneisses have been mapped in study area (Merschat and 
Cattanach 2008), and one of the basement samples is a granulite (FC04-3) they generally 
are not garnet bearing. The absence of garnet is additional support for dominantly 
igneous sources for the Ocoee.  
Detrital zircon U-Pb geochronology of individual Neoproterozoic Ocoee 
formations revealed a dominant Mesoproterozoic (1.0 to 1.3 Ga) Grenville age mode. 
The detrital zircon age distribution is noteful for the rarity of non-Grenville interval ages 
(discussed further below); a few Neoproterozoic and older Mesoproterozoic ages were 
also observed. The latter ages could represent isolated older lithologies within the 
Grenville basement massif, or the ages could be xenocrystic zircons within 1.3 to 1.0 Ga 
Grenville orthogneisses. Systematic examination of the few younger and older detrital 
zircons by CL imaging will hopefully resolve the issue of inheritance. The age 
distribution of zircon ages in basement orthogneisses (also see Loughry, 2010) matched 
perfectly with the detrital counterparts. The presence of 640 to 800 Ma zircon grains in 
the sediments indicates a magmatic rift-related component present in Ocoee Supergroup. 
The youngest detrital zircon age is a maximum age for deposition of the Ocoee 
Supergroup. The latter is consistent with the age of diagenetic monazite and xenotime in 
the Ocoee Supergroup (Aleinikoff, 2010). The entire suite of tools used in this study 
clearly supports the hypothesis that local Grenville basement orthogneisses were the 
source for the Neoproterozoic Ocoee sediments. 
Broader Comparisons 
Thick succession of Neoproterozoic sediments occur in northern Canada 
(Windemere and upper McKenzie Mountains Supergroups, Northwest Territories), the 
western U.S. (Utah-Nevada: Huntsville Sequence and Uinta Group; southeast California: 
Stirling quartzite and upper Pahrump Group; Chuar Group of uppermost Grand Canyon 
Supergroup), the Appalachian orogen north of the study area (Lynchburg Group, Smith 
River allochthon,VA), and various formations of the Humber Arm Allochthon, 
Newfoundland).  Detrital zircon analysis has been carried out on at least one formation 
from each of these settings (Rainbird et al. 1997, Cawood and Nemchin 2001, Stewart et 
al. 2001, Carter et al. 2006, John Allen, pers. Comm. 2009). The Ocoee sediments 
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contrast with the other settings in having a very restricted range of zircon ages (Fig. 7.1a), 
and not having an Archean age peak. Figure 7.1b and 7.1c show zircon age distributions 
for several Neoproterozoic sediments from different locations, and they clearly represent 
numerous age modes. These age modes suggest bimodal or trimodal sources for these 
sediments. From this comparison (Fig. 7.1) it is clear that Ocoee sediments have 
extremely restricted source than the other formations. This is consistent with a basin 
characterized by a supply of sediments from the immediate rift flanks, as described by 
Thomas (1977) and Cawood et al. (2007).  
Future Research 
This dissertation examined provenance in four Snowbird Group formations and 
one Great Smoky Group formation (all siltstones and sandstones). Additional constraints 
on Ocoee provenance, and potential insight into other long standing problems of Ocoee 
stratigraphy and age, would be obtained from provenance analysis of other incompletely 
studied Ocoee formations. For example, analyzing clasts of leucogranite and biotite 
gneiss (both petrography and zircon geochronology) in conglomerates of the 
Thunderhead Formation (reported by Hadley and Goldsmith, 1963) would provide 
further age constraints on the depositional age of the Ocoee, determined in this study to 
be less than 640 Ma (also see Aleinikoff et al., 2006). Conglomerates in the Shields 
Formation of the Walden Creek Group mostly contain quartz pebbles, but they may 
contain zircon that could be dated to help limit the depositional age of the Walden Creek 
Group, which remains an unresolved problem (Southworth et al., 2005; Aleinikoff et al., 
2006). The age of the Rich Butt Formation also remains uncertain (correlated with Great 
Smoky Group?), and might be resolved by petrographic and detrital mineral 
geochronologic study. Detrital muscovite and biotite are abundant in the Snowbird Group 
and Walden Creek Group siltstones. The Ti contents and K/(K+Na) ratios of micas are 
different in metamorphic and igneous rocks, and might provide additional provenance 
information. In addition to the dominantly mineralogic methods applied here, whole rock 
Nd and zircon Hf isotope analysis would provide additional source constraints.  
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Alm+Spess Gross
Pyrope
Granite & Pegmatites
Amphibolites
Biotite Schists
Eclogite
n=400
 
Appendix 2.3. Garnet provenance distribution diagram (after Wright, 1938). 
 
XMg
Type A
Type B
Type C
Type D
Type E
XFe+Mn XCa  
 
Appendix 2.4. Modified garnet provenance distribution diagram (after Mange and 
Morton, 2007). 
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